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Abstract
Scaling of electronic circuits from micro- to nanometer size determined the incredible de-
velopment in computer technology in the last decades. In charge storage capacitors that
are the largest components in dynamic random access memories (DRAM), dielectrics
with higher permittivity (high-k) were needed to replace SiO2. Therefore ZrO2 has been
introduced in the capacitor stack to allow sufficient capacitance in decreasing structure
sizes. To improve the capacitance density per cell area, approaches with three dimen-
sional structures were developed in device fabrication. To further enable scaling for future
generations, significant efforts to replace ZrO2 as high-k dielectric have been undertaken
since the 1990s. In calculations, CaTiO3 has been identified as a potential replacement to
allow a significant capacitance improvement. This material exhibits a significantly higher
permittivity and a sufficient band gap. The scope of this thesis is therefore the prepara-
tion and detailed physical and electrical characterization of ultrathin CaTiO3 layers. The
complete capacitor stacks including CaTiO3 have been prepared under ultrahigh vacuum
to minimize the influence of adsorbents or contaminants at the interfaces. Various elec-
trodes are evaluated regarding temperature stability and chemical reactance to achieve
crystalline CaTiO3. An optimal electrode was found to be a stack consisting of Pt on
TiN.
Physical experiments confirm the excellent band gap of 4.0-4.2 eV for ultrathin CaTiO3
layers. Growth studies to achieve crystalline CaTiO3 indicate a reduction of crystalliza-
tion temperature from 640 ◦C on SiO2 to 550◦C on Pt. This reduction has been investi-
gated in detail in transmission electron microscopy measurements, revealing a local and
partial epitaxial growth of (111) CaTiO3 on top of (111) Pt surfaces. This preferential
growth is beneficial to the electrical performance with an increased relative permittiv-
ity of 55 with the advantage of a low leakage current comparable to that in amorphous
CaTiO3 layers. A detailed electrical analysis of capacitors with amorphous and crys-
talline CaTiO3 reveals a relative permittivity of 30 for amorphous and an excellent value
of 105 for fully crystalline CaTiO3. The permittivity exhibits a quadratic dependence
with applied electric field. Crystalline CaTiO3 shows a 1-3% drop in capacitance density
and permittivity at a bias voltage of 1 V, which is significantly lower compared to all
results for SrTiO3 capacitors measured elsewhere. A capacitance equivalent thickness
(CET) below 1.0 nm with current densities 1×10−8 A/cm2 have been achieved on carbon
electrodes. Finally, CETs of about 0.5 nm with leakage currents of 1 × 10−7 A/cm2 on
top of Pt/TiN fulfill the 2016 DRAM requirements following the ITRS road map of 2012.
II
Zusammenfassung
Die Verkleinerung von elektronischen Bauelementen hin zu nanometerkleinen Strukturen
beschreibt die unglaubliche Entwicklung der Computertechnologie in den letzten Jahr-
zehnten. In Ladungsspeicherkondensatoren, den größten Komponenten in Arbeitsspei-
chern, wurden dafür Dielektrika benötigt, die eine deutlich höhere Permittivität als SiO2
besitzen. ZrO2 wurde als geeignetes Dielektrikum eingeführt, um eine ausreichende Ka-
pazität bei kleiner werdenen Strukturen sicherzustellen. Zur weiteren Verbesserung der
Kapazitätsdichte pro Zellfläche konnten 3D Strukturen in die Chipherstellung integriert
werden. Seit den 1990ern wurden parallel bedeutende Anstrengungen unternommen, um
ZrO2 als Dielektrikum durch Materialien mit noch höherer Permittivität zu ersetzen.
Nach Berechnungen stellt nun CaTiO3 eine mögliche Alternative dar, die eine weitere
Verbesserung der Kapazität ermöglicht. Das Material besitzt eine deutlich höhere Per-
mittivität und eine ausreichend große Bandlücke. Diese Arbeit beschäftigt sich deshalb
mit Herstellung und detaillierter physikalischer und elektrischer Charakterisierung von
extrem dünnen CaTiO3 Schichten. Zusätzlich wurden diverse Elektroden bezüglich ihrer
Temperaturstabilität und der chemischen Stabilität untersucht, um kristallines CaTiO3
zu herhalten. Als eine optimale Elektrode stellte sich Pt auf TiN heraus.
Physikalische Experimente an extrem dünnen CaTiO3 Schichten bestätigen die Band-
lücke von 4.0-4.2 eV. Wachstumsuntersuchungen an kristallinem CaTiO3 zeigen eine Re-
duktion der Kristallisationstemperatur von 640 ◦C auf SiO2 zu 550◦C auf Pt. Diese
Reduktion wurde detailliert mittels Transmissionselektronenmikroskopie untersucht. Es
konnte für einige Schichten ein partielles lokales epitaktisches Wachstum von (111) CaTiO3
auf (111) Pt gemessen werden. Dieses Vorzugswachstum ist vorteilhaft für die elektri-
schen Eigenschaften durch eine gesteigerte Permittivität von 55 bei gleichzeitig geringem
Leckstrom vergleichbar zu amorphen Schichten. Eine genaue elektrische Analyse von
Kondensatoren mit amorphen und kristallinem CaTiO3 ergibt eine Permittivität von 30
für amorphe und bis zu 105 für kristalline CaTiO3 Schichten. Die Permittivität zeigt eine
quadratische Abhängigheit von der angelegten Spannung. Kristallines CaTiO3 zeigt einen
1-3% Abfall der Permittivität bei 1 V, der wesentlich geringer ausfällt als vergleichbare
Werte für SrTiO3. Eine zu SiO2 vergleichbare Schichtdicke (CET) von unter 1.0 nm mit
Stromdichten von 1 × 10−8 A/cm2 wurde auf Kohlenstoffsubstraten erreicht. Mit Werten
von 0.5 nm bei Leckstromdichten von 1×10−7 A/cm2 auf Pt/TiN Elektroden erfüllen die
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With the ongoing increase in integration density of microelectronic circuits especially in
dynamic random access memory (DRAM) circuits, conventional SiO2 and even ZrO2-
based dielectrics have reached their limits for capacitor applications as their dielectric
constants are not sufficiently high. To keep the capacitance C constant while shrinking
the size of a circuit, the relative dielectric permittivity k has to be increased (Equation
1.1).




ε0 is the vacuum permittivity, k the relative dielectric permittivity, A the area and










1-T 1-C emory cell
Figure 1.1: (a) Principle scheme of a 1-T 1-C memory cell in a DRAM containing a capacitor
and a transistor. (b) Scheme of a memory cell as a 3D model. The capacitor is
the largest part in the memory device (taken from Ref. [1]).
increase of the capacitance area and k and the reduction of the thickness d. The thickness
scaling reaches the limit, when tunneling currents through the dielectric are the dominant




Figure 1.2: (a) A SEM cross-section image of a real device containing a row of capacitors
and transistors. (b) Top TEM view of a high-k ZrO-AlO-ZrO (ZAZ) capacitor
stack, as it is currently integrated in production. TiN is used as top and bottom
electrode (taken from Ref. [2]).
largest components in DRAM memory cells (Figure 1.1 b)), therefore the capacitor size
A prevents the further scaling of the devices.
Now, dielectric materials are required combining a high permittivity and low leakage
currents for thin films. This is especially important for metal-insulator-metal (MIM)
capacitors as they are the largest elements in DRAM cells. The principal arrangement
of a 1-T 1-C memory cell stack is shown in Figures 1.1 a) and b). An example of a
fully integrated DRAM cell with high-k dielectrics can be seen in Figure 1.2. Significant
research has been done on alkaline earth metal compounds containing TiO2 (or TiO6
octahedrons) such as SrTiO3 or BaTiO3 as they can exhibit k values far beyond 100.
However, these materials have not found their implementation in MIM capacitors due to
processing and electrical performance issues. Both SrTiO3 and BaTiO3 exhibit a small
band gap and BaTiO3 also exhibits a ferroelectric phase transition temperature of 120◦C.
CaTiO3 is a promising material for applications in MIM capacitors due to its relatively
high permittivity (kbulk ∼ 180, orthorhombic) and a larger band gap (4.2 eV) compared to
SrTiO3 (3.6 eV) (Figure 1.3). In addition, the containing elements Ti an Ca both belong
to the most abundant elements in Earth’s crust.
As a figure of merit for capacitance of a MIM capacitor, the capacitance equivalent











In this equation, A is the area of the capacitor, kSiO2 the dielectric permittivity of SiO2
(k = 3.9) and C is the capacitance of the high-k oxide layer.
2
1.2 Structure of this work



























Figure 1.3: Bandgap vs. dielectric constant of various high-k oxides.
1.2 Structure of this work
Target of this work is the preparation and characterization of CaTiO3 as an applicable
dielectric material for capacitors in DRAM. Literature reveals no data on experiments
of CaTiO3 in capacitor arrangements for that purpose. The fundamental properties of
CaTiO3 are outlined in Section 2.1. To focus on the special requirements of CaTiO3
given by the crystallization temperature above 600 ◦C and the band gap of 4.2 eV, the
choice of electrodes are of major interest for a working capacitor. Noble metal electrodes
exhibit various problems concerning preparation and temperature stability. The results
of preparation of the various tested electrodes and diffusion barriers are presented in
Chapter 4. The preparation of the full capacitor stacks including electrode and dielectric
layer are described in detail in the experimental part of this thesis in Section 3.1. The
physical properties of ultrathin CaTiO3 layers have been investigated in detail in Chapter
5. The crystallization behavior of various CaTiO3 capacitors has been investigated in
detail with TEM in Chapter 6. The overall electrical performance of the fully prepared
capacitors has been analyzed in Chapter 7. Both the capacitance behavior as well as the
3
1 Introduction
leakage currents have been studied in detail. The results prove the suitability of CaTiO3
as an real alternative to SrTiO3 in capacitor applications.
4
2 Fundamentals of materials and
electrical properties
2.1 Calcium titanate
Materials in the perovskite structure ABO3 are widely used in industry and research
due to their intriguing properties like electroceramic dielectricity, superconductivity and
ferroelectricity. With small changes to the crystal structure and composition with doping,
the parameters of perovskites can be easily modified [3].
CaTiO3 was the first material discovered in Russia in this ABO3 composition [5]. Its
Figure 2.1: Unit cell of orthorhombic CaTiO3 in Pbmn crystal structure at room temperature.
The lattice parameters are a = 5.40 Å, b = 5.42 Å and c = 7.65 Å [4].
trivial name ’perovskite’ therefore denotes the name of the oxide family with ABO3
chemistry. With Ca2+ on the A side and Ti4+ on the B side, it belongs to the II-
IV perovskite oxides group. The reason for its specific properties is described in the
following sections.
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2.1.1 Structure
The most simple structure for ABO3 materials is a cubic phase. The cubic structure is
typified by SrTiO3 with a lattice constant of a=3.90 Å and the space group O1h-Pm3m.
The Ti atoms are located at the corners and the Sr atoms at the center of the cube.
The oxygen is placed at the centers of the twelve cube edges. The TiO6 octahedra are
perfect with 90◦ angles and six equal Ti-O bonds at 1.95 Å. Each Sr atom is surrounded by
twelve equidistant oxygen atoms at 2.76 Å[3]. This structure is distorted to more complex
structures depending on the chemical composition, temperature and pressure, e.g. in Ref.
[6]. That distortion influences the dielectric properties as well as the band gap. Bulk
CaTiO3 crystallizes in an orthorhombic (Pbmn) unit cell at room temperature (Figure
2.1). This structure is energetically favorable at room temperature [7] in CaTiO3 due to
its tolerance factor1 of t ≈ 0.95. Phase transitions occur at temperatures above 1530 K
towards a cubic Pm3m structure [8, 9]. The Pbnm structure is a result of condensation
of two soft modes in Pm3m structure at R and M reciprocal lattice points. The TiO6
octahedrons are tilted along the [001] and [010] direction [10]. The lattice constants of
the CaTiO3 orthorhombic Pbmn phase determined experimentally are a = 7.64 Å, b =
5.44 Å, c = 5.38 Å [5, 8] with its pseudocubic lattice constant of a = 3.82 Å.
2.1.2 Optical properties and band gap
As typical for all titanates (ATiO3) including CaTiO3, the band gap is formed by oxy-
gen and titanium orbitals (see Figure 2.2). The formed TiO6 octahedrons are tilted and
distorted by the surrounding A atoms, resulting in different band gaps between CaTiO3
and the other titanates. The band edges of the valence band arise from O 2s states.
Hybridization of O 2p and Ti 3d orbitals lead to the conduction band edge [12, 13, 14].
The Ti−O transition establishes the band gap and is tuned by the surrounding grid of
Ca atoms.
Various optical measurements were performed on thick CaTiO3 layers to extract band
gap and density of states (DOS) for occupied and unoccupied valence band and conduc-
tion band states respectively. Transmission measurements extracted a band gap of about
3.4 eV for bulk crystals [15]. For powders of CaTiO3, a band gap has been measured
between 3.86 eV and 3.97 eV [16, 17]. Thin layers (∼ 100 µm) of CaTiO3 show an optical
band gap of 3.95 eV extracted from transmittance measurements [18].
1The tolerance factor is calculated from the ionic radii of the atoms A and B compared to the radius
rO of Oxygen: t = rA+rO√2(rB+rO) . At a factor close to 1.0, cubic structure is preferred, while values 6= 1
result in a more distorted structure.
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Figure 2.2: Calculated density of states for CaTiO3 splitted by atoms (taken from [11]). The
band gap of CaTiO3 between valence band and conduction band is defined by the
O2s orbitals forming the valence band edge and the Titanium 3d orbitals for the
conduction band edge.
Density functional theory (DFT) calculations with various computing methods revealed
band gaps near 2 eV for the Ti−O transitions, which is a typical underestimation for the
used methods [9, 19]. Calculations with adapting semi-empirical fitting factors showed a
band gap between 3.8-4.2 eV depending on the selected permittivity [9]. The largest op-
tical band gap of 4.2 eV results have been recently calculated with a mixture of DFT and
Hardtree-Fock methods in Ref. [20]. This method showed the best agreement to exper-
imental values for other perovskites [21]. These values always lie above other literature
values previously calculated for SrTiO3 [12, 13, 15, 19].
2.1.3 Permittivity of CaTiO3
CaTiO3 exhibits a relatively high k-value of kbulk ≈ 180 in a bulk crystal [15, 23]. So
far, no values for permittivity are found in literature for ultrathin layers of CaTiO3. In
simulations from Ref. [9] for supercells of up to 40 atoms, a k-value of 100 for CaTiO3
has been calculated at room temperature, which is only exceeded by SrTiO3.
The high permittivity or polarization of perovskites originates from dipole moments in-
duced by vibrational modes of titanium against the oxygen ions leading to high dielectric
constants. The large moments induced by these vibrational modes are linked to the
geometrical arrangement of the Ti4+ ion within its oxygen octahedron in the CaTiO3
unit cell. CaTiO3, SrTiO3 and BaTiO3 show high-k constants, while in MgTiO3 the Ti
7
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Figure 2.3: Distorted perovskite experimental room-temperature structure of CaTiO3 (taken
from Ref. [22]). The TiO6 octahedrons are tilted along [100] and [010] directions.
ion only shares three oxygen ions [24] and therefore exhibits a k-value of only 27. The
difference in dielectric permittivity of CaTiO3 compared to SrTiO3 is caused by the tilted
TiO6 octahedrons [10], which prevent any long-range coupling to neighboring unit cells
(Figure 2.3).
With decreasing temperature, the SrTiO3 cubic structure changes to more distorted unit
cells. In principle, vibrational modes are frozen and permanent dipole moments arise in
the crystal structure. Therefore the dielectric constant increases with decreasing tem-
perature. The temperature where a phase transition occurs is called the Curie - Weiss
temperature. Materials above the Curie - Weiss temperature, which show a decreasing
permittivity with increasing temperature, are named incipient ferroelectrics [25]. This
effect is shown for CaTiO3 in Ref. [5] as well as for other materials of the same family, e.g.
SrTiO3, KTaO3 and also for TiO2 in Refs. [26, 27]. Typical dielectrics exhibit a decrease
of the dielectric constant with decreasing temperature. For incipient ferroelectrics, the
temperature dependence of the permittivity ε can be described according to Barret et












Here, T1 is the temperature of the crossover between classical and quantum behavior,
T0 is the Curie - Weiss temperature of phase transition and C is the Curie - Weiss con-
stant. Without impurities, CaTiO3 has a calculated phase transition temperature T0 <
0 K [29]. In SrTiO3, only quantum fluctuations associated to a non-negligible zero point
energy prevent the onset of ferroelectric long-range order [30]. With the introduction of
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impurities, SrTiO3 exhibits a ferroelectric transition above 40 K. No ferroelectric transi-
tion has been observed for CaTiO3 doped with concentrations below 30 % with Ba or
Pb down to temperatures of 4 K. That means, the paraelectric phase is more stable in
CaTiO3 than in SrTiO3. Structural calculations of T0 reveal a Curie-Weiss temperature
for phase transition to lie at T0 = -111 K for CaTiO3 [5] and 40 K for SrTiO3. Phase
transitions occur with high amounts of impurities in CaTiO3, e.g. Pb in CaTiO3 [29]
and Sr in CaTiO3 [31], which induce a distinct change in atom-atom distances within the
CaTiO3 unit cell.
Recent experimental research investigates stress induced ferroelectricity in CaTiO3. Stress-
induced long-range order of dipole moments at twin walls showed an antiferrielectric
phase of CaTiO3 [32]. Ferroelectricity has also been observed on CaTiO3 surfaces [33].
Current transmission electron microscopy experiments show ferrielectric displacements
of Ti atoms at a (110) twin boundary of CaTiO3 [34]. Also, recent simulations are
investigating the stress-induced ferrolelectricity of orthorhombic CaTiO3 [35, 36].
2.1.4 Current applications for CaTiO3
CaTiO3 is currently used in a variety of applications in industry and research, using its
properties described above and taking advantage of the dielectric properties and the good
lattice match to e.g. SrTiO3 and other perovskites.
• Transparent semiconductor
Doping CaTiO3 with 3+ or 5+ ions changes the conductivity from an insulator to a
semiconductor or show even metallic behavior. CaTiO3 is selected due to the good
lattice match to the widely used SrTiO3 and LaAlO3 substrates. The doping with
Nb as donor material introduces a trap state near the conduction band [18, 37, 38].
• Microwave applications
CaTiO3 is due to its relatively high Q value (reciprocal of dielectric loss tangent
tan ρ) and sufficiently high permittivity at microwave frequencies (2-20 GHz) widely
used in its pure state or as dopant in dielectric resonators or filters. It is often
mixed with MgTiO3 to further reduce the dielectric loss. Therefore CaTiO3-based
ceramics have wide applications as resonators, filters and antennas for communi-
cation, radar and global positioning systems operating at microwave frequencies
[39, 40, 41, 42].
• Laser application
Pr doped CaTiO3 can be excited with light in the UV region with a wavelength
9
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in the range from 250 to 500 nm. The unique emission line is at 614 nm. This
material is favorable due to its weak afterglow and high chemical stability at room
temperature [37, 38, 43].
• Bioactive layers with CaTiO3
Perovskites have been studied extensively for biomechanical applications due to
their low Young’s modulus and high elastic limit. To prevent toxic elements like
Ni, Al and Be in biological applications, CaTiO3 is of great interest in this area.
CaTiO3 increases the adherence of hydroxyapatite (basis for bones or teeth) to Ti
prostheses [44]. Typically, the CaTiO3 layers for this applications are prepared
using sol-gel processes with a typical thickness in the micrometer range [45, 46].
The presented applications for CaTiO3 describe the current knowledge of research. So
far, no literature of CaTiO3 in nanoelectronic devices has been found. The research of
ultrathin CaTiO3 layers for integration in thin film capacitors is therefore the topic of
this thesis. The results of CaTiO3 allow the comparison with SrTiO3 and BaTiO3 layers
with their different properties to complete the picture of the ABO3 materials group.
2.2 Metals and conducting metal composites for
applicable high temperature processes
In high-k dielectrics, the band gap between valence band and conduction band is inverse
proportional to the k-value (Figure 1.3)[47]. The small band gap results in a low band
offset between the Fermi level of the metal and the conduction band of the dielectric. At
room temperature, a considerable amount of electrons have sufficient thermal energy to
overcome the barrier (Schottky emission). This is an important mechanism of leakage
currents through the capacitor, that limits charge retention. The effect is even enhanced
when a bias voltage is applied and the effective barrier is lowered. The effects of barrier
lowering and emission into the conduction band is described in detail in Section 2.4.1.
To increase the barrier height between high-k dielectrics and electrodes, metals or con-
ducting metal composites with high work functions are needed. At room temperature,
a barrier height above 1 eV is commonly considered to be sufficient to block most car-
rier diffusion/injection. An excerpt of possible materials is given in Table 2.1. To be
mentioned, high work function metals have to fulfill additional physical requirements.
Parameters like temperature stability, reactivity towards oxygen, structuring suitability
are important to produce metal-insulator-metal (MIM) stacks. As industrial require-
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ment, the material costs have to be taken into account as well.
• Platinum is due to its high work function of 5.6 eV very suitable as an electrode
material. Its lattice constant of 3.92 Å is comparable to a variety of high-k mate-
rials like SrTiO3 and CaTiO3 and can work as seeding layer without an interfacial
layer or lattice adaption. In contradiction, the materials high cost prevents its use
in industrial processes. Pt also reacts easily with Si and forms silicides (PtSix) at
temperatures below 300 ◦C. Additionally, the high chemical etch resistance of Pt
prevents a simple structuring process.
• Ruthenium is a noble metal of the Platinum group and possesses a work function
of 4.6 eV [48]. The material costs are not as high as for Pt, which makes Ru an
alternative and has been considered for application in industry processes. The pure
metal reacts easily with oxygen starting at 280 ◦C and forms Ruthenium-(IV)-oxide
(see below). The lattice expansion hinders Ru for use in MIM capacitors with de-
vice temperatures above 280 ◦C. This reactivity towards oxygen allows the use as
a structured top electrode. Ru can be etched with reactive ion etching (RIE) of
oxygen plasma under the formation of volatile Ruthenium tetraoxide (RuO4)(see
sample preparation in section 3.1.4). A wet etching process for Ru is available with
(ortho-)periodic acid (HIO4 + 2H2O ⇋ H5IO6)[49].
• Ruthenium-(IV)-oxide (RuO2) is an conductive oxide with a higher work func-
tion compared to Ru of about 5.0-5.2 eV [48, 50, 51]. As an oxide, it is more
resistant to further oxidation and therefore shows increased stability at elevated
temperatures. It can be structured using the same process mentioned above by
the formation of volatile RuO4. Other conducting materials containing Ru are
Strontium/ Calcium ruthenate (SrRuO3 and CaRuO3), which crystallize in a
distorted perovskite structure and therefore allows the oriented crystal growth of
various perovskites like SrTiO3. The materials are stable at high temperatures,
show considerable conductivity and crystallize at 450 ◦C [48, 52, 53, 54].
• Titanium nitride (TiN) is a conductive ceramic material with a high work func-
tion of 4.4-4.7 eV and high temperature stability. It has been widely adapted to
industrial processes as electrode material in various electronic devices or as protec-
tion layers in common mechanical tools. It is uniformly deposited by CVD, PVD
11
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and ALD. TiN works as a diffusion barrier for Si and metal atoms. Nevertheless,
at elevated temperatures, it easily oxidizes to form TiON, an insulator with a low
k-value. Wet etching processes are available to structure TiN electrodes [55].
Table 2.1: Summary of properties of suitable electrode materials according to Ref. [56].
Material Work Lattice Lattice Etching Oxidation
function constant structure characteristics resistance
(eV) (Å)
Pt 5.6 3.92 fcc difficult yes
Ru 4.6 2.70 hexagonal simple no
TiN 4.6 1.6 cubic simple no
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2.3 Non-linearity of dielectric permittivity
In various dielectrics like perovskites or other complex material compositions, physical
properties including the permittivity are strongly anisotropic in different crystal orienta-
tions. The polarization of the dielectric is therefore dependent on the local electric field
and the local polarizability. With mesoscopic capacitors used for characterization these
attributes become homogeneously distributed throughout the capacitor. For a perfect,
homogeneous and isotropic dielectric, the Clausius-Mosotti equation (Equation (2.2)) was









Here, k is the dielectric permittivity, Mm is the molar mass, ρ is the density, NA is
the Avogadro’s number, ε0 is the vacuum permittivity and αP as the polarizability of
the dielectric. This uniformity can be applied for amorphous layers, where the material
shows isotropy in permittivity in all directions. In polycrystalline dielectric layers, the
properties are an intermixture of amorphous and (single-)crystalline properties. With
the existence of preferential crystal directions the properties may shift towards single
crystalline layers. When these crystallites are randomly distributed, the layers may show
an isotropic behavior comparable to an amorphous material.
The polarization P of a dielectric material is described to be
P = ε0χE (2.3)
with ε0 as the electric permittivity of free space, χ as the electric susceptibility and E as
the electric field. Only in a homogenous, linear and isotropic dielectric, the polarization
is proportional to the electric field, otherwise χ describes a three-dimensional tensor. Ca-
pacitance voltage (C(V )) measurements typically integrate over a large capacitor area,
therefore the integral over local inhomogeneities result in a homogenous dielectric and
can be ruled out. Isotropy of the material can be expected for an amorphous dielectric
and shall be excluded for crystalline dielectric layers.
An applied external electric field can result in an induced nonlinear polarization. Ma-
terials exhibiting this behavior are called nonlinear dielectrics (e.g. CaTiO3, SrTiO3 or
BaTiO3). A constant susceptibility will result in a linear dependence of polarization from
an applied field. The relationship between polarization P and capacitance C(V ) (divided
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In the case of a constant susceptibility, the capacitance has to be voltage/electric field
independent. Literature for other perovskites shows non-linearity in C(V ), therefore
comparable signatures are expected for CaTiO3 layers. Typical C(V ) curves can be
estimated with low error using a quadratic approximation (Equation (2.5)).
C(V ) = C0
(
1 + βV + αV 2
)
(2.5)
with C0 as the extremal capacitance, β as the linear voltage coefficient of capacitance
(VCC) of C0 and α as the quadratic VCC in dependence of the applied electric field.
Various theoretical approaches as explanations have been tested for different materials,
three approaches for comparable systems to CaTiO3 are described in more detail.
At first, the quadratic VCC in C(V ) measurements has been attributed to the electrostric-
tion [57]. The model only works for amorphous dielectrics with isotropic electrostriction,
while for crystallites the anisotropic electrostrictive coefficient prevents further compari-






where α is dependent on the refractive index n0, the linear dielectric constant k, the
nonlinear refractive index n2 and the thickness of the capacitor d [57]. This model has
been validated for amorphous high-k dielectrics like Al2O3, HfO2 or Y2O3. No frequency
or temperature dependence is described within this model.
Second, different theories explain the dependence of capacitance from voltage with ionic
or orientation polarization models. In Refs. [58, 59], a polarization model describes the
variation of dielectric constant with the local metallic cation displacement in an exter-
nally applied electric field. This model has been tested on Al2O3 and shows a linear
increase of capacitance with increasing temperature as well as a linear increase of the
quadratic VCC with capacitance. In contradiction, the negative quadratic VCC of SiO2
[60, 61] has been calculated with an orientation polarization model that shows a reduc-
tion of polarization with applied electric field (at 100 kHz) [62]. The magnitude of the
negative quadratic VCC was found to be inversely proportional to the square of the sam-
ple’s thickness. An equation based on the orientation polarization of the dipole moments
has been derived from these results.
Approaches to combine both negative and positive dependencies of quadratic VCC with
applied electric field have been investigated in Refs. [63, 64]. The introduction of nonlin-
ear potentials revealed a short-range interaction with nearest neighbors for amorphous
SrTiO3 and long-range potentials for crystalline samples, resulting in positive quadratic
VCC and negative quadratic VCC respectively. Typically, amorphous layers show a
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reduced atom-atom distance with a reduced number of nearest neighbors, while for crys-
talline samples, the atom-atom distance increases with more nearest neighbors. This
changes the local field of each atom and is the reason for differences between amorphous
and crystalline dielectric layers.
Another reasonable model uses the electrode polarization with the formation of a double-
layer capacitance at the electrode interface [65, 66, 67, 68]. Here, the oxygen affinity of
electrodes is important to control the magnitude of non-linearities. Various high-k di-
electrics (BaTiO3, HfO2) and electrodes have been tested, showing the increase of (pos-
itive) non-linearity of capacitance with increase of oxygen affinity (free energy of metal
oxidation per oxygen atom or heat of formation).
2.4 Leakage current mechanisms
In metal-insulator-metal (MIM) capacitors, various mechanisms are possible for leak-
age currents through the insulator and for discharging the capacitor. A comprehensive
schematic description of these mechanisms is given in Figure 2.4. One can differentiate
between conduction with or without defects/traps in the bulk insulator. Without de-
fects, Schottky emission (SE) and tunneling of charge carriers are responsible for leakage
currents. When defects are introduced, additional mechanisms like Poole-Frenkel (PF)
emission and trap-to-trap tunneling (TAT) play a major role in charge carrier conduction
through the dielectric. The complete leakage current in high-k MIM capacitors is than
the sum of these mechanisms (Equation (2.7)).
Ihigh−k = ISE + IT unneling︸ ︷︷ ︸
w/o defects
+ IP F + IT AT︸ ︷︷ ︸
with defects
(2.7)
These conduction models are described briefly in the following text.
2.4.1 Schottky emission
As shown in Figure 1.3, the band gap of a dielectric is generally inverse proportional to
the dielectric permittivity. High-k materials exhibit a rather low band gap compared to
SiO2 and Al2O3, therefore Schottky emission is evident when using low work function
electrodes. The inclusion of surface trap states further induce the Schottky emission as
one of the major leakage current mechanisms. In an ideal metal-insulator interface, the
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Figure 2.4: Schematic band diagram of a MIM structure with applied voltage U. Possi-
ble charge transport mechanisms: (i) direct/Fowler - Nordheim tunneling, (ii)
thermionic emission, (iii) elastic/inelastic tunneling into and (iv) out of traps, (v)
trap-to-trap-tunneling, (vi) PF emission (taken from Ref. [69]).
barrier height ΦB is simply the difference between the metal work function ΦM and the
electron affinity χA of the insulator.
ΦB = ΦM − χA (2.8)
This ideal case is never found experimentally. The barrier height is changed with an
additional interface layer and interface states as well as image forces at the interface [70].
When traps in the dielectric are persistent (by defects or doping), a trap-band is formed
which reduces the effective barrier height as well.
The image force is described as force induced from an electron in a specific distance x
from the Fermi level of the metal surface. An attractive force is introduced comparable
to a mirror charge at a distance (−x). With an external field E, the potential energy






− q |E| x . (2.9)
q is the elementary charge and εi the effective permittivity in the dielectric. The position










= 2 |E| xM (2.11)
The Schottky barrier is considerably lowered for low k materials. εi is expected to be
significantly larger in high-k dielectrics and the barrier lowering could be neglected. Nev-
ertheless, if the electron transit time to the barrier maximum is shorter than the dielectric
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relaxation time, the insulator is not polarized and εi is smaller than the permittivity k
in the low frequency range. A typical carrier velocity is in the order of 107 cm/s. The
transit time for the distance to the barrier height is <10−14 s. The image force dielectric
constant εi should than be comparable to ε∞ for electric radiation in that range (optical
constant for visible light)[70].
The current ISE of Schottky emission is now given by












with A as the area of the capacitor, A∗∗ as the effective Richardson constant2, ΦB as bar-
rier height, Ei as the electric field in insulator and εi as the effective dielectric permittivity
(usually equal to ε∞).
2.4.2 Tunneling
With a finitely high potential barrier and a finite thickness d, electrons possess a nonzero
probability to tunnel through that barrier. This was the main reason of leakage currents
for devices containing pure SiO2 with thicknesses below 4 nm [71]. For thicker oxide
layers, tunneling can be neglected due to the exponential decay of tunneling probability.
The voltage/field dependence of the tunneling current is given by Equation 2.13 [70]











Here, q is the elemental charge, m∗ is the effective mass, ΦB is the barrier height and E
is the electric field.
In a capacitor stack, the effective tunneling barrier thickness d can be reduced with a
large electric field, typically above 109V/m, forming a triangular barrier. This tunneling
of electrons from the Fermi level of the metal to the conduction band of the oxide is
called Fowler-Nordheim-Tunneling.
2.4.3 Poole-Frenkel effect
In high-k dielectrics, there are high amounts of bulk defects (oxygen vacancies or struc-
tural defects) in the order of 1018 cm−3 [69] or above. This makes the defect sensitive




and m∗ = m0 is 120 A cm−2K−2.
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leakage mechanisms play an important role in leakage currents for various high-k capac-
itors, when the energy level of the defect lies within the band gap of the dielectric.
The Poole-Frenkel effect (field-assisted thermal emission) is the lowering of a coulombic
potential barrier when it interacts with an electric field. This is usually associated with
the lowering of a trap barrier in the bulk of an insulator [72]. At sufficiently high trap
densities, conduction through these traps is responsible for leakage currents at higher
temperatures. Poole-Frenkel emission occurs, when a trapped electron within the
band gap of the oxide layer is emitted into the conduction band. The behavior is com-
parable to Schottky emission where the barrier height ΦB now describes the trap depth.
The current density for Poole-Frenkel emission IP F is described as









The Poole-Frenkel emission does not describe the probability of an electron tunneling
into a specific trap. Statistical models comparable to Trap-assisted Tunneling (TAT)
are needed to calculate the saturation current [69, 73].
2.4.4 Trap-assisted tunneling
Trap-assisted tunneling (TAT) is typically the main conduction mechanism, when high
defect densities are present in the oxide layer. This is valid for materials with huge oxygen
deficiencies or at grain boundaries between crystallites with different orientation. TAT
strongly depends on the defect density and the defect distribution as well as the defect
energy dept. The energy levels of oxygen in dependence on the vacancy charge, extracted
from measurements of HfO2 capacitors, lie between 0.8-1.2 eV below the conduction band
[74, 75].
At low temperatures, temperature induced conduction mechanisms can be neglected.
Than, TAT via deep traps is the dominant leakage current mechanism [76, 77]. For
higher temperatures, electron hopping occurs into traps below the conduction band [77]
and is strongly temperature dependent. In the case of inter-trap tunneling, the TAT





















w is the distance between the nearest traps and φt the energy position of the traps.
As conclusion, TAT is important in materials with high defect densities. It contributes




As a note, the different leakage current models mentioned earlier have been developed
for dielectric materials with thicknesses above 50 nm, low k below 10 and low trap den-
sities. When going to ultrathin high-k dielectrics with a smaller band gap and high trap
densities, these models may not necessarily adaptable to dielectrics recently investigated.
2.5 Dielectric relaxation
Dielectric relaxation effects are observed in all dielectric materials including perovskites
[80]. The effect is defined as ”the decay of polarization from an initial steady state
to zero after sudden removal of an initial polarizing field” [81]. The effect is besides
leakage currents responsible for a charge loss in capacitors [82]. After a capacitor is
charged, relaxation current leads to a voltage drop at the capacitor. The empirical






(n ≈ 1; 0 < n < 2) . (2.16)
The dielectric relaxation can be modeled with a series of RC elements3 parallel to the
basic RC element [83]. The Equation (2.16) results in a linear decrease in a log-log
plot of current density vs. time. With increasing charging time, the relaxation currents
are overshadowed by the static leakage currents. The physical reason of additional RC
elements is not clear, one explanation is a time dependent tunneling current in a double-
well potential [81].
2.6 Amorphous versus crystalline dielectric layers
The conduction and valence bands arise from overlaps of atomic orbitals, where the band
structure is mainly dependent on the local structural order. This difference is only small
between crystalline and amorphous solids. Small differences in amorphous materials arise
from bond length and angle of bonds, which result in blurring of band gaps. The struc-
tural disorder also result in defect states in the band gap, which may result in changes
of leakage current (Hunklinger 2007 p.404)[84]. Models of leakage currents are mainly
developed for simple crystalline or polycrystalline samples. These systems give an excess
for extensive theoretical simulations. Leakage currents in these layers are attributed to
3Electric circuit composed of a resistor and a capacitor
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conduction along grain boundaries [85, 86, 87].
The situation is different for amorphous layers. While there are a lot of structure related
defects, the layers are typically much smoother than crystalline layers. The presence of
defects and impurities leads to Frenkel-Poole type leakage currents [88, 89]. TAT for
amorphous layers with very high trap densities have also been observed [90]. In amor-
phous layers, vacancies and defects are homogeneously distributed through the complete
oxide and not concentrated at grain boundaries. Therefore no leakage paths along grain
boundaries contribute to the overall leakage current.
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3.1 Sample Preparation of metal-insulator-metal
capacitors
3.1.1 Sputtering of electrodes and high-k dielectrics
In this work, a customized ultra high vacuum (UHV) three chamber sputter cluster (Fig-
ure 3.1) is used to deposit the metals and oxide materials. The machine is capable to
process up to 150 mm wafers. Typically, five quadratic 16 cm2 substrates are simultane-
ously prepared using an adapter plate. All samples are baked out under vacuum for eight
hours at 150 ◦C in the load lock chamber prior to transfer in the deposition chambers
to ensure an UHV environment. The various layers are uniformly deposited onto the
employed substrates. A schematic view of MIM capacitor preparation is shown in Figure
3.2. Extensive literature can be found regarding the physics of sputtering and influence
of process parameters like pressure and power. A well written book for the basics of
sputtering is Ref. [91].
3.1.2 Standard parameters for metal deposition
By default, metal layers are deposited between 100 ◦C and 300 ◦C in the metal chamber.
The distance target surface - substrate center is approx. 180 mm. This large distance for
sputter deposition ensures a metal layer deposition with ±10 % deviation from the mean
thickness. Rotation of the substrate is essential for an uniform deposition of the selected
material. The rotation is set to 6 rounds per second (rpm), which is sufficient for the
applied deposition rate. The pressure range for deposition in this work is set between
1.2-1.6×10−3 mbar, which is at the lower range of typical sputtering pressures. Higher
deposition rates and higher particle energy are chosen to achieve the best results for the
materials system. Further sputtering parameters are summarized in Table 3.1.
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Metal chamber
Oxide chamber 2Oxide chamber 1
Loadlock
Storage
Figure 3.1: Schematic view of the 150 mm UHV sputter cluster (Bestec GmbH) used to pre-
pare the samples. It contains two oxide chambers and one metal chamber. Ten
samples can be loaded at once into the load lock. In addition, ten samples can be
stored in the storage chamber. An automatic handling system is used to transport
the substrates without breaking the vacuum to the different chambers (Ref. [92]).
3.1.3 Parameters for dielectric deposition
The dielectric deposition is done in a comparable chamber like the metal deposition
chamber (see previous part). With radio frequency (RF) magnetron sputtering technique,
CaTiO3 and other oxides are sputtered from stoichiometric oxide targets. The deposition
temperature has been varied between room temperature and 700 ◦C. The distance target
surface - substrate center has been set to approx. 240 mm as well as a rotation speed
of 6 rpm to achieve layer uniformities below ±5 % deviation. The deposition rate with a
sputtering power of 120 W is about 0.25 nm/min at the selected distance. The pressure
range for deposition lies at 1.2×10−3 mbar. No oxygen as reactive gas has been introduced
during deposition because of the strong decrease of deposition rate. This leads to an
oxygen deficiency in the as-deposited layers. Nevertheless, experiments with additional
oxygen during sputtering showed no significant change of the already very low leakage
currents.
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Figure 3.2: From substrate to structured MIM capacitors. (1) Clean substrates are baked
out under UHV for 8 h at 150 ◦C. (2) The deposition of electrodes and CaTiO3
is done in-situ without breaking vacuum. (3) For structuring an Al/Ti or Pt/Ti
hard mask is deposited ex-situ. (4) The uncovered top electrode is removed to get
a fully structured MIM capacitor.
3.1.4 Structuring of top electrodes
For electrical characterization of the prepared capacitors, a structured top electrode is
required. The structuring has been realized by ex-situ processes. These are carried out
with the deposition of a hard mask (circles with different diameters between 100 µm and
500 µm, Figure 3.2(3)) on top of the top electrode layer using thermal evaporation of
different metals.
With Ru as a noble metal top electrode, the structuring has been performed using Reac-
tive Ion Etching (RIE)1 with an Ar-O plasma mixture. An Ti (200 nm) and Al (approx.
300 nm) stack has proven to be a suitable hard mask for RIE. The formation of a thin and
hard Al2O3 cover layer prevents the further oxidation of Al and Ti. The uncovered Ru
1RIE of Ru was done at the Institute of Semiconductors and Microelectronics (IHM) by C. Richter.
Table 3.1: Table of deposition parameters for metal layer deposition.
Material Plasma Sputtering Gas Deposition
power pressure flow temperature
(W) (×10−3 mbar) (sccm) (◦C)
Pt 100 1.6 22 300
Ru 100 1.2 22 100
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is etched with RIE under the formation of volatile Ruthenium-(IV)-oxide (RuO4)(Figure
3.2(4)). This structuring is selective towards CaTiO3. With no end point detection re-
vealing the start of the CaTiO3 layer, the minimum oxide thickness with this method
has been determined to a thickness of 15 nm to achieve capacitors with reliable leakage
currents. Dry etching of Pt as an alternative top electrode is more elaborate and not
selective towards CaTiO3. A more controlled etching process would be needed instead.
With TiN as top electrode, standard wet etching processes are available to structure the
MIM capacitor. An alkaline etching solution consisting of 500 ml deionized water, 20 ml
Hydrogen peroxide (H2O2) and 10 ml Ammonia solution is heated to 50 ◦C. The hard
mask stack used for RIE of Ru is not applicable, therefore Ti (200 nm) and Pt (10 nm)
have been employed as a new hard mask. The samples with 15 nm TiN are etched in
5 min down to the oxide layer. Because the etching rate of TiN is significantly larger
compared to the rate for CaTiO3, the etching can easily be stopped without affecting
the oxide layer. The controlled etching process allowed a structuring of capacitors with
oxide thicknesses down to 8 nm with low leakage currents.
3.2 Physical characterization
Various tools have been utilized to characterize the physical properties of the CaTiO3
MIM capacitor stacks. Important properties needed are the physical thickness of the
samples as well as the degree of crystallinity of the CaTiO3 layer. A standard UV-vis
spectroscopic ellipsometer (Sopra) has been used in the range between 250 nm and
800 nm wavelength to extract the physical thickness. The ellipsometry setup also allows
to determine the basic ellipsometric parameters ∆ and Ψ at a fixed angle of incidence
(usually 75◦). To extract the optical constants for different layer thicknesses and crystal-
lization states, the incident angle has been varied from 75 ◦ to 65 ◦. To do so, an optical
n,k-file for the sputtered CaTiO3 has been created (see appendix). With an opaque top
electrode in complete capacitor stack, calibration samples of pure CaTiO3 layers on Si
have been prepared to evaluate the thickness.
X-ray measurements are done with a Bruker Discover 8 using Cu kα radiation and a Göbel
mirror for parallel beam path. To characterize the thickness, the samples are evaluated
in X-ray reflectance geometry (XRR). Samples with simple layer structure (in maxi-
mum 2 layers on Si substrate) have been utilized to extract reliable physical properties.
Grazing Incidence X-ray Diffraction (GIXRD) is used to extract the crystallinity
of the capacitor stack, in particular from the oxide. Temperature dependent XRD (high
24
3.2 Physical characterization
temperature XRD - HTXRD) measurements reveal an in-situ change of crystallinity of
the measured samples. The measurements were applied by Dr. L. Wilde at Fraunhofer
CNT. A Beryllium hemisphere has been used, which encapsulates the samples in a pure
nitrogen atmosphere during heating.
The roughness and layer morphology of all sputtered layers is analyzed using atomic
force microscopy (AFM) (Veeco Dimension 3100) as well as scanning electron mi-
croscopy (SEM) (Zeiss LEO 1560). The rough mean square (RMS) extracted from
AFM images of CaTiO3 as well as the electrode layers is used as an estimation of layer
roughness. Smooth electrode layers are preferred for capacitors applications to prevent
field emission of electrons on spikes due to high electric fields. An RMS below approx.
1.0 nm is considered to be suitable for electrical characterization. With both AFM and
SEM, crystallinity of the layers, grains as well as cracks of the layers due to density
increase after annealing can be observed.
Photoemission spectroscopy (PES) as a well-established method in surface and inter-
face physics is used to study the electronic (valence band electronic states in the vicinity
of the chemical potential, injection barriers, work function) and chemical (chemical com-
position, environment and reactions, oxidation states) properties of atoms, molecules,
solids as well as their surfaces and interfaces. PES is an experimental technique probing
the occupied states of a given system. In this kind of experiment an electron is excited
into vacuum with a certain kinetic energy that depends mainly on its binding energy.
It is possible to perform core level spectroscopy when a core level electron is excited
by X-rays (XPS - X-ray photoelectron spectroscopy) and valence band spectroscopy by
exciting valence band electrons with UV-light (UPS - ultraviolet photoelectron spec-
troscopy), respectively. PES allows the determination of electron binding energies and
electron density at the sample surface. As a very surface sensitive technique PES has
an information depth of 1 - 2 nm. Extensive literature regarding PES can be found in
the monographs of D. Briggs and J. T. Grant [93], G. Ertl et at. [94], S. Hüfner [95],
M. Cardona and L. Ley [96] and H. Ibach [97], respectively. The XPS measurements
have been done externally at the Leibniz Institute for Solid State and Materials Research
Dresden (IFW) by Dr. M. Grobosch.
For the combined X-ray photoemission (XPS) and ultraviolet photoemission spectroscopy
(UPS), a commercial PHI 5600 spectrometer has been used. Photons with an energy of
1486.6 eV from a monochromatized Al Kα source for XPS and photons from a helium
discharge lamp with an energy of 21.21 eV for UPS measurements are provided. All ul-
traviolet photoemission spectroscopy measurements were done by applying a sample bias
of -9 V to obtain the correct, sample determined, secondary electron cutoff. The recorded
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spectra were corrected for the contributions of He satellite radiation. The total energy
resolution of the spectrometer was determined by analyzing the width of the Au Fermi
edge to be about 350 meV (XPS) and 100 meV (UPS), respectively. The binding energy
(BE) scale was aligned by measuring the Fermi edge (0 eV) and the Au 4f 7/2 emission
feature (84.0 eV) of a polycrystalline, atomically clean gold substrate.
Transmission electron microscopy (TEM)2 has been used to investigate the local
physical properties like crystallinity and band gap of the complete MIM capacitors. Us-
ing High Resolution TEM (HRTEM), it was possible to extract the orientation of CaTiO3
towards its substrate. In addition, with an included low energy electron energy-loss
spectroscopy (LE-EELS) setup, the electronic band gap of the CaTiO3 has been inves-
tigated [98, 99].
Extensive literature regarding physical characterization methods can be found in Refs.
[56, 100, 101, 102].
3.3 Electrical characterization
For electrical characterization of the deposited CaTiO3 layers, measurements are per-
formed on a MIM capacitor stack to investigate the electrical properties. An in-house
probe station (Süss PA200) for up to 200 mm diameter wafers is used for the 16 cm2
structured samples. A parameter analyzer (Keithley instruments Model 4200 Semicon-
ductor Characterization System) is connected directly to the bottom electrode via the
probe station chuck and to the top electrode with a measurement tip.
The connection of the bottom electrode via the substrate requires a conducting substrate
for reliable MIM capacitor characterization. As conducting substrate, wafers with either
a high dopant concentration or a gas phase As doped Si surface are available. To fur-
ther increase the connection quality, all samples are backside covered with an Al layer
(200-300 nm thickness).
3.3.1 Current voltage measurements
Measurements of current versus voltage characteristics of high-k capacitors is more com-
plex than capacitors containing SiO2 or Al2O3 as dielectric materials. The high amount
2HRTEM was done using a Titan3 FM 80-300 at the Leibniz Institute for Solid State and Materials
Research Dresden (IFW) by Dr. D. Pohl. Further TEM to determine crystallinity has been done at
the Dept. of Applied Physics at Eindhoven Univ. of Technology by Dr. M.A. Verheijen.
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Figure 3.3: Principle measurement scheme of the patterned capacitors using a TiN/Pt bottom
electrode. (inset left) When negative voltage is applied to the top electrode,
electrons are injected through the top electrode. (inset right) For positive voltages
on the top electrode, the electrons are injected through the bottom electrode. This
is due to different electrodes the most interesting setup for current versus voltage
characterization.
of traps or defects in a high-k capacitor stack show a high temperature dependence of
leakage currents, which have to be taken carefully into account. With their inhomoge-
neous degree of crystallinity including grain boundaries, the applied external electric field
is therefore not homogeneously distributed over the whole capacitor. Different degree of
crystallinity in the CaTiO3 layer can apply in a parallel manner (equivalent to capacitors
with different capacitance in a parallel arrangement) or even more complex structure,
when crystallites are inhomogeneous perpendicular to the applied potential (equivalent
to capacitors in serial arrangement). These difficulties in field distribution are comple-
mented with the complex behavior of grain boundaries. Due to stress and high defect
density [103], they can be responsible for leakage paths through the layer [86, 87] or show
changes in electrical behavior (e.g. ferrielectric twin walls in CaTiO3 grain boundaries
[32]). These local effects are responsible for difficulties extracting single leakage mech-
anisms or break down voltages for feature sizes of 100 µm and above. Therefore, every
measurement is always the sum of various effects affecting the leakage current.
For measurement of leakage current of the prepared MIM capacitors, the measuring unit
(SMU) is connected to both the substrate and the patterned top electrode. In this ar-
rangement, positive voltage applied to the top electrode is equivalent to the injection of
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electrons through the bottom electrode. Negative voltage applied means the injection of
electrons through the top electrode. This principle measurement scheme can be seen in
(Figure 3.3). As delay time between each applied voltage step, five seconds are chosen.
This is a compromise between measurement time and the influence of relaxation currents
mainly contributing at low voltages. In insulators, the hole mobility in the valence band
is much lower compared to electrons in the conduction band and hole conduction is typ-
ically neglected [104]. Furthermore due Fermi level pinning, the metals Fermi level is
closer to the conduction band and therefore, the band offset is smaller for electrons [105].
3.3.2 Leakage current measurements at different temperatures
For standard characterization, leakage current measurements are typically done at room
temperature (25◦C). With the usage of temperature dependent IV measurements (IVT)
between -40 ◦C and 200 ◦C, it is possible to observe changes in conduction mechanisms and
extract relevant physical properties. Arrhenius plots are useful to visualize temperature
dependent leakage currents. For that, the coordinates are translated according to 1/kBT
as X and ln j as Y axis to linearize the temperature dependence. Any dependence in
the Arrhenius equation (Equation (3.1)) is the result of an exponential dependence on
temperature.
j = A exp
−Ea
kbT (3.1)
with j as leakage current density, A as a pre-exponential factor and Ea as an arbitrary
activation energy. As main interest, Ea shall be extracted from IVT with the transfor-










The activation energy is now the gradient of IVT in the Arrhenius plot mentioned above.
Any pre-exponential factor A causes a constant vertical shift in Arrhenius plots.
3.3.3 Capacitance voltage measurements
Standard capacitance voltage (C(V )) measurements are done on the semiautomatic probe
station used for I(V) measurements. The used Keithley 4200-CVU multi-frequency
impedance measurement card is directly connected to this probe station. The high po-
tential is connected to the top electrode, the low potential is connected to the substrate.
A measurement takes place automatically on the 16 cm2 structured samples. The large
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number of capacitors with different top electrode diameters allow the measurement of
unused capacitors (typically I(V ) and C(V ) measurements are done on every second ca-
pacitor). As standard setting, a frequency of 100 kHz and a low measurement speed for
low-noise results is used (’Quiet’ mode; includes an internal SMU filter and automatic
integration time setting, delay time is set to 0 ms).
The CVU measures impedance by sourcing an AC voltage across the sample, and then
measures the resulting AC current and phase difference. The capacitance and conduc-
tance are derived parameters from the measured impedance and phase [106]. The ca-
pacitance C of the capacitor is calculated out of the capacitive impedance and the test





with Ic as the current, f as measured frequency and Vc as the AC amplitude [106]. The
impedance Z is given as
Z = X + iY (3.4)
with X as the resistance and Y as the reactance. The measured phase angle Φ and





The parameter analyzer has the provision for both parallel or series connection measure-
ments. Typically, a series measurement circuit is used for low-impedance and parallel
circuit for high-impedance samples [101]. The parallel connection model with CP − DP
has been chosen for the standard extraction of capacitance values. The dissipation factor





with GP as conductance. An ideal capacitor has a dissipation factor of DP = 0 (GP = 0),
therefore D = 0.1 is the used limit for all C(V ) measurements in parallel equivalent
circuit done in this work. Nevertheless, transformations between both parallel and series










Equal to experiments with current voltage measurements, a different degree of crys-
tallinity and therefore different k-values in the dielectric layer have significant influence
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to results for capacitance voltage (C(V )) measurements of a MIM capacitor stack. Death
layer effects [107, 108, 109] or interfacial layers arise out of varying permittivity per-
pendicular to the applied electrical field (capacitors with different permittivity in serial
arrangement). Dielectric layers with different k-values are currently used in capacitor
applications e.g. ZAZ (ZrO2-Al2O3-ZrO2) layer stacks (see Figure 1.2). With C(V )
measurements the dielectric permittivity can be extracted from the linear slope of CET
versus thickness plots avoiding the interfacial layer.
More complex behavior appears for partially crystalline layers, where the dielectric per-
mittivity changes in lateral dimension for the amorphous as well as the crystalline part.
Neglecting any serial components like interface layers, C(V ) measurements of these ca-

















is the effective capacitance density of the complete capacitor with the size A
and thickness d. Ci
Ai
is a variable proportion of parts with nanocrystallites as well as
amorphous parts. With the knowledge of permittivities ki for both parts, it is possible
to calculate the crystalline proportions in the overall layer.
3.3.4 Relaxation measurements
The relaxation measurements have been performed using the similar setup as described
earlier for the I(V) measurements. A voltage has been applied to the samples for 5 s
similar to the delay time in I(V) measurements. When the applied voltage is turned off,
the ’off’ current is measured for 100 s in 0.1 s steps from the top electrode. The principle
measurement scheme is shown in Figure 3.4. Due to a SMU dependent delay time td
in milliseconds time frame, the exact starting time of measurement is different for all
measured capacitors. Therefore only the relative time dependence of current has been









Figure 3.4: Principle measurement scheme for the extraction of relaxation currents. A volt-
age Vr is applied to the sample for tV seconds. After turning off the voltage,
a measurement unit dependent delay time td passes, before the time dependent
current measurement starts (marked red). A measurement time tm of 100 s with
0.1 s steps has been chosen to extract the decay of current.
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4 Temperature stable high work
function electrodes
4.1 Sputter deposition of electrodes
The complete metal stacks are sputtered in the UHV metal chamber on top of highly
conductive Si substrates. Depending on the experiments to follow, substrates in the shape
of full 150 mm wafers or 4×4 cm2 Si pieces are used. The substrates have been baked out
under vacuum at 150 ◦C to desorb H2O molecules from the surface prior to deposition.
An Ar+ plasma treatment of the surface has been done to remove the native SiO2 layer
and other adsorbants from the Si substrates. The first layers as required for the bottom
electrode stack consist of a conducting electrode material or a diffusion barrier (TiN or
RuO2). The standard sputtering conditions for diffusion barriers and or electrodes can
be found in Section 3.1 in Table 3.1.
After deposition, some samples are treated with a post deposition anneal (PDA) ex-situ
in a rapid thermal processing (RTP) furnace under atmospheric pressure with pure N2 or
an admixture of N2 and 10% O2 for TiN or RuO2 respectively. This is done to increase
the density and restore stoichiometry for TiN or RuO2. Various temperatures have been
tested for an annealing duration of 1 to 4 min. It was found, that the morphology of the
layers does not change considerably after 1 min of annealing.
4.1.1 Titanium nitride layers
TiN layers are commonly used as electrode material in various industrial semiconductor
devices. Their work function is higher (4.6 eV) [56] compared to that of various pure
standard metal layers like Al (4.28 eV) or Ti(4.33 eV) [110]. For high band gap dielectrics
like SiO2, Si3N4, ZrO2 and HfO2, the conduction band offset is sufficiently high (>1 eV)
in order to suppress leakage currents by thermionic emission. TiN is also known as a
diffusion barrier for Pt [111]. This makes TiN the preferred electrode in beyond SiO2
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Figure 4.1: AFM topography map of an CVD deposited TiN layer (10 nm) on As-doped Si.
The AFM image size is 5×5 µm2. The calculated roughness from the height profile
is 0.3 nm (RMS).
device architecture. For high-k dielectrics with band gaps below 4 eV, even this work
function may be too low, resulting in a Schottky barrier height (see Section 2.4.1) below
1 eV and therefore a higher leakage current due to Schottky emission for capacitors. TiN
is discussed in this chapter as an electrode for comparative reasons, and moreover as a
conductive diffusion barrier for noble metals (see Section 4.1.3). In this case, the rough-
ness and temperature stability are the main attributes.
Various deposition technologies for TiN are available. In this work, the TiN layers are
prepared with reactive sputtering from a Ti target using Ar and N2 plasma. Before
the introduction of a customized TiN deposition process, 300 mm CVD TiN covered
highly As-doped Si wafers fabricated at Qimonda have been used (gas-phase doped Ar
1 × 1020at/cm3). In Figure 4.1, an AFM image of CVD TiN depicts the roughness of
a TiN layer on top of a Si wafer. Wafers stored some time at ambient air exhibits a
roughening of the surface due to the formation of TiON [112]. TiON is a low k dielectric
and therefore an unwanted interfacial layer for a capacitor stack[113]. This is accompa-
nied by an increase in roughness. In Figure 4.2, a cross-section TEM micrograph of a
polycrystalline TiN layer with a thickness of 20 nm on top of a highly As-doped Si wafer
is shown. Si is oriented along the (100) direction. A thin native SiO2 oxide layer between
the Si substrate and the TiN layer is visible.
The increase in roughness after the anneal of TiN in N2 atmosphere (Figure 4.3(b))
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Figure 4.2: TEM micrograph of CVD TiN on Si substrate. A native SiO2 oxide layer is visible
at the interface.
(a) (b)
Figure 4.3: Tilted cross-section SEM images of TiN substrate (CVD) (a) before and (b) after
anneal at 650 ◦C for 4 min in N2 atmosphere. The surface morphology shows a
slight increase in roughness after annealing.
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Figure 4.4: EELS linescan (STEM-HAADF mode) from a sputtered TiN/Pt electrode stack
(HRTEM micrograph of the stack on left side). The highly doped Si wafer has
not been precleaned with an Ar plasma prior to the deposition of the electrode,
resulting in a 3 nm SiO2 layer. The EELS linescan shows a significant amount of
oxygen in the TiN layer (red rectangle).
can be a major issue for the scaling of thin CaTiO3 capacitors. Therefore a TiN sputter
process has been developed with the aim to reduce the roughness after annealing and
further allow an in-situ deposition of the full capacitor stack without breaking vacuum.
The TiN layers are sputtered on top of highly doped Si wafers at 300 ◦C as the com-
promise between surface roughness and TiN density. The flow rate of 4.5 sccm N2 in
20 sccm Ar at a pressure of 1.6 × 10−3 mBar shows the optimal parameter set to ensure
a high deposition rate and a stoichiometric TiN layer. The experiments result in TiN
layers with significantly reduced roughness when heated up to 650 ◦C. TEM evaluation
of CaTiO3 capacitors with sputtered TiN layers reveal a measurable content of oxygen in
the TiN layer shown by EELS line-scans of the complete capacitor stack (STEM-HAADF
mode)1 (Figure 4.4). An oxygen content has also been verified using XPS measurements.
Nevertheless, the conductivity of sputtered TiN layers measured with a 4-point-probe
setup is comparable to literature values of TiN layers and has not been altered by the
oxygen content. Owing to the fact that sputtered TiN layers are mainly used as diffusion
barrier for Pt (see end of this chapter), further attempts to reduce the oxygen content
have been skipped.
1High Angle Annular Dark Field (HAADF). Higher atomic number areas appear brighter in the image.
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(a) (b)
Figure 4.5: AFM topography map a) and SEM image b) of the Ru surface deposited at 400 ◦C
on top of a Si substrate with native oxide. a) The AFM image shows large hillocks
all over the surface. The calculated roughness is with 9.7 nm RMS very high.
b) Beside these hillocks, the surface formation of approx. 50 nm diameter Ru
crystallites is observed in the SEM image.
4.1.2 Ruthenium and Ruthenium dioxide layers
Ruthenium is a noble metal and belongs to the Platinum group. It has a work function
of 4.6 eV, which is comparable to TiN. Conducting metal oxide electrodes like RuO2 and
SrRuO3 are interesting for high-k oxides due to their higher work function of ∼ 5.0 eV
[48]. RuO2 exhibits a small bulk resistivity ( 40 µΩm), good thermal stability and dif-
fusion barrier capability (see Table 2.1) [114]. As Ru, it can easily be etched with RIE
(reactive ion etching) using O2 as reactant under formation of RuO4 ↑. Before the intro-
duction of TiN as top electrode material, sputtered Ru has been used as top electrode
for all capacitor stacks.
Sputtering metals including Ru at low temperatures result in very plane electrode sur-
faces. The sputter conditions for Ru deposition can be found in Section 2.2. When
increasing the deposition temperature of the electrode to 400 ◦C, a formation of large
crystallites (Figures 4.5(a) and 4.5(b)) begins. A formation of Ruthenium silicide Ru2Si3
has not been observed at this deposition temperature. According to literature, a silicide
formation starts at 450◦C [115, 116], whereas the native SiO2 can inhibit this formation
to higher (annealing) temperatures [117].
In Figure 4.6, the temperature dependent behavior of Ru on a CaTiO3 layer describes
a typical experiment using Ru electrodes. Although the heating process is done under
high grade N2 atmosphere, a reaction of Ru to RuO2 starts at 505 ◦C and Ru is fully
oxidized at 575 ◦C. The oxygen is most certainly taken from the underlying CaTiO3 layer,
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Figure 4.6: HTXRD of a Ru/CaTiO3 stack on top of Si substrate. The sample was heated
under N2 atmosphere. The Ru layer nevertheless starts to oxidize at 505 ◦C to
RuO2 and is fully oxidized at 575 ◦C.
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Figure 4.7: Time sequence of RuO2 layer captured with microscope (50x). The violet colored
layer on a Si substrate peels off immediately after contact to air.
because a high amount of adsorption from atmospheric gases can be excluded due to the
elevated temperatures. This should significantly increase the amount of oxygen vacancies
in CaTiO3 and therefore increases the leakage current of the capacitor device. If used
as a bottom electrode, the lateral expansion when oxidized to RuO2 will destroy the
capacitor structure above. These experiments conclude, that Ru is incapable for high
temperature processes.
As alternative, the direct deposition of RuO2 with the use of reactive sputtering has been
tested. The oxide electrode should be stable at high temperatures and do not reduce the
CaTiO3 layer. Several RuO2 sputter experiments were carried out showing the diffi-
culty of the deposition. The sputtered layers are hygroscopic and quickly adsorb water
from ambient atmosphere (Figure 4.7). The annealing of those RuO2 layers in oxygen
atmosphere prevented the further destruction of the surface. That indicates, that the
sputtering process results in a understoichiometric oxygen proportion and therefore a hy-
groscopic RuO2 layer. After anneal, the roughness of the layers is much larger compared
to the TiN layers seen before. Further experiments for RuO2 as electrode and diffusion
barrier have been done by F. Silze as a student research project [118]. The results of the
work underline the difficulty of stabilizing RuO2.
As conclusion, Ru has been used as top electrode deposited at a low temperature of
100 ◦C, after high temperature processes were applied to the capacitor. With dry etch-
ing, the capacitor stacks were structured and measured electrically. The full noble metal
electrode capacitor showed extremely low leakage currents (see Chapter 7 for details).
4.1.3 Platinum electrodes
Platinum has a the work function of 5.6 eV and a lattice constant comparable to CaTiO3.
These properties make Pt a formidable choice as electrode material in a CaTiO3 capacitor
stack. Nevertheless the use as electrode is hindered on Si as substrate, because Pt forms
various Silicides (PtSix) at temperatures starting at 220 ◦C. The full reaction of Pt on
39
4 Temperature stable high work function electrodes
Figure 4.8: HTXRD profile of silicidation of Pt on Si substrate. The silicidation of Pt to Pt2Si
starts at 220 ◦C. At 310 ◦C, Pt2Si further reacts to PtSi. The Pt signal decreases
with the formation of silicides and at 450 ◦C, the process is finalized. The intensity
of the (101) PtSi reflection at 29◦ decreases continuously starting at 600 ◦C, which
hints towards a texture change in PtSi.
Si towards PtSi is shown in the HT-XRD spectrum in Figure 4.8. SEM images of the
surface further depict the transformation of the Pt surface with the reaction of Si in
Figures 4.9(a) and 4.9(b). For as-deposited Pt on Si, the Pt surface is very flat, as it is
typical for sputtered metal layers. Annealing the sample to 650 ◦C shows a significant
roughening due to the formation of PtSix. Also PtSix layers are conductive and can be
used as an electrode, the surface roughness prevents any use in ultrathin capacitor stacks.
The usage of Pt as an electrode in high temperature processes, which are necessary for
crystalline CaTiO3 samples, therefore require a smooth diffusion barrier to prevent any
formation of silicides.
4.1.4 Platinum on Titanium nitride
As mentioned previously, Pt needs a diffusion barrier for high temperature processes that
prohibits the formation of platinum silicides. The formation of silicides start at 220 ◦C
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(a) (b)
Figure 4.9: Tilted cross-section SEM images of the Pt on Si after deposition at room temper-
ature (Figure 4.9(a)) and annealed at 650 ◦C in N2 atmosphere for 4 min (Figure
4.9(b)). While the as-deposited Pt layer depicts a very smooth surface, the an-
nealed sample shows a large increase in roughness due to the formation of Pt
silicides.
(Figure 4.8). TiN offers an easy and low cost option as conductive diffusion layer between
Pt and the Si substrate. The suitability of TiN in high temperature processes has been
verified earlier in this chapter. The CVD grown TiN layers (Figure 4.3) have been tested
in the electrode stack (Figure 4.10). The Pt layer is deposited on top of the TiN/Si
substrate at 100 ◦C and shows a very smooth surface (Figure 4.10(a)). After annealing
this stack at 650 ◦C in N2 atmosphere, a slight increase in roughness can be observed in
Figure 4.10(b). The Pt layer can not be distinguished from the TiN layer in the SEM
cross-section. The sharp Si - electrode interface indicates that no silicide is formed on
the surface. This is supported by XRD measurements, where no PtSix reflection signal
is visible in the spectrum. TiN is therefore a suitable diffusion barrier to prevent Si
or Pt diffusion. Nevertheless, the visible roughness increase after anneal in Figure 4.10
makes it difficult to receive a uniform CaTiO3 layer with thicknesses below 15 nm. For
capacitors with the targeted oxide thickness and low leakage currents, a further reduction
of electrode roughness is necessary.
To improve the roughness after high temperature treatments, a TiN process has been
developed (Table 3.1 on Page 23). That allows the in-situ deposition of the complete
electrode stack (Pt on TiN) without breaking vacuum. The TEM results of capacitors
with both electrodes (Pt on CVD TiN vs. in-situ TiN/Pt), shown in Figure 4.11, prove
the superiority of the in-situ deposition. Although the Si substrate exhibits a native
oxide layer in both samples, the interface between TiN and Pt is significantly sharper
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(a) (b)
Figure 4.10: Tilted cross-section SEM images of Pt/TiN stacks on Si. (a) 20 nm Pt has
been deposited on 20 nm TiN on a Si substrate at 100 ◦C. (b) The same sample
annealed at 650 ◦C in N2 atmosphere for 4 min shows an increased roughness.
The Pt seems to mix with the TiN layer. Nevertheless no formation of Pt silicides
is visible, the Si - electrode interface remains sharp.
for the in-situ process compared to the Pt on CVD TiN deposition. For that reason,
the Pt surface is much smoother, allowing a further scaling of the full CaTiO3 capacitor
stack. Tests indicate, that even 3 nm TiN under a 40 nm Pt layer works as a suitable
barrier towards Si, when deposition for several hours at 600 ◦C takes place. For stability
and conducting reasons, a thicker TiN with 12 nm thickness has been chosen as standard
diffusion barrier thickness for a 20 nm Pt metal layer.
4.2 CVD deposition of carbon electrodes
Carbon is an interesting electrode material with high conductivity and thermal stability
[119], as it can replace TiN as electrode in the capacitor stack. It has been tested
successfully in the integration in the deep trench DRAM front end process with several
high-k dielectrics in Ref. [120].
In this work, carbon layers on Si wafers have been prepared in a CVD furnace at 860 ◦C
for 10 min with the use of ethene (C2H4) at a pressure of 300 mbar. The recipe has
been developed and described in detail in Refs. [121, 122]. A hot wall tube furnace
(ATV PEO 603) has been used to create the pyrolytic conductive carbon electrodes.
The samples were heated up and cooled down in nitrogen ambient. The deposition time
was set to 10 min for a 110 nm thick layer. Silicon wafers with 200 mm diameter are
used as substrates. Prior to the deposition of carbon, the native SiO2 oxide has been
removed with a hydrogen fluoride dip and put under vacuum within 7 minutes. A post-





Figure 4.11: TEM micrographs of a CVD TiN/Pt (a) and an in-situ sputtered TiN/Pt (b)
stack. Both samples are heated to 600 ◦C during the deposition of CaTiO3 for
120 min and 40 min respectively. The interface Pt/TiN is much rougher for the
CVD TiN sample (a), resulting in a rougher Pt surface compared to the in-situ
TiN/Pt electrode stack (b).
contamination.
The prepared carbon layers exhibit an astonishing surface uniformity. A SEM cross-
section image of a prepared sample is shown in Figure 4.12. The surface remains planar
after the 1000◦C anneal, which makes the carbon layer a suitable electrode for the high
temperature deposition of CaTiO3. Other comparable images of carbon layers can be
found in Refs. [121, 122].
4.3 Conclusion
This chapter deals with the preparation and characterization of electrodes for implemen-
tation in ultrathin metal-CaTiO3-metal capacitors. The electrodes have been optimized
for roughness, temperature stability and possible oxidation. Electrodes with different
work functions and interface properties are needed to elucidate the properties of CaTiO3.
The electrodes are optimized to yield low surface roughness in order to reduce field en-
hanced leakage currents. Different diffusion barriers are evaluated for suitability for the
integration of noble metal electrodes. A temperature stable electrode with Pt as elec-
trode material on TiN as diffusion barrier was found to be the best choice regarding
work function. roughness and temperature stability. Pure sputtered TiN layers show a
smooth surface after anneal but lack for stability in oxygen environments (e.g. during
CaTiO3 sputtering). CVD grown carbon electrodes exhibit the smoothest surface after
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Figure 4.12: Tilted cross-section SEM image of an annealed carbon layer on Si. The surface
remains planar even with annealing temperatures of 1000◦C. The layer thickness
is indicated in between the orange lines.
annealing at 1000◦C. The suitability of carbon as a material with sufficient band offset
towards CaTiO3 will be tested later in Chapter 7.
44
5 Physical investigation of calcium
titanate layers
5.1 Experiments on optical properties and density of
CaTiO3 layers
Optical methods give a convenient and nondestructive access to some important prop-
erties of CaTiO3 layers like refractive index and band gap in the accessible wavelength
range. In literature, various experiments had already been conducted for thin CaTiO3
layers on various substrates (see Section 2.1.2 for details). For different applications,
various deposition techniques are required, resulting in differences of CaTiO3 properties.
As an example, sputtered layers are known to be oxygen deficient, e.g. see Ref. [123].
The oxygen deficiencies influence the optical properties as well. The results of optical
measurements help to classify the sputter deposition process for CaTiO3 layer properties
and allow the comparison to results from literature.
5.1.1 Refractive index and extinction coefficient of CaTiO3
The use of spectroscopic ellipsometry in the visible and ultraviolet (UV-vis) (250 nm
to 800 nm wavelength) range provides access to the layer thickness and the dispersion
values of CaTiO3. By employing applicative models to the dispersion dependence on
wavelength, some statements about the optical band gap are possible. The explanation
for the extraction of optical constants as well as the band gap can be found in Chapter A.
The fit with the Tauc-Lorentz model to extract refractive index and extinction coefficient
shows the best agreement with experimental data using a band gap of 3.97 eV for the
amorphous layer. In Figure 5.1a), the refractive index for amorphous and partially
crystallized CaTiO3 is compared to values from literature. At a wavelength of 632 nm,
the extracted refractive index is lower compared to most literature values. Only results
of sputtered layers with a low density of 3.0 g/cm3 show a comparable refractive index at
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Figure 5.1: Dispersion values of sputtered CaTiO3 layers. a) The refractive indices of CaTiO3
in this work are lower compared to most literature values. This may be attributed
to the low density of the sputtered CaTiO3 films. b) When going to higher de-
position temperatures, partially crystallized layers show a larger refractive index
in the measured spectral range. The maximum lies at higher energies compared
to measurements of Ueda et al. [12]. This can be attributed to the different
measurement techniques (vacuum ultraviolet reflectometry versus ellipsometry
[12, 15, 124, 125]).
the selected wavelength [125]. The other results from literature were obtained for bulk
CaTiO3 or layers annealed up to 900 ◦C. This variation can be related to a denser film
in a bulk crystal or after annealing. In sputtered layers, Ar is typically incorporated into
the layer, which reduces the overall density. In addition, the results vary for different
experimental setups (ellipsometry, reflectometry, absorption spectroscopy).
5.1.2 Band gap determination with low energy electron energy loss
spectroscopy
The previously used ellipsometry required models to extract the band gap of CaTiO3.
The results obtained this way are fully dependent on the used model and do not nec-
essarily describe real physical constants. Another disadvantage of optical measurements
is the access only for direct transitions. In contrast, accelerated electrons have a large
impulse, which can compensate the low probability of photon-phonon interactions for
photons necessary for indirect transitions.
Low energy electron energy-loss spectroscopy (LE-EELS) with TEM allows another ac-
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Figure 5.2: EELS spectrum of CaTiO3 in the range from 0 eV to 62 eV. It shows the lowest
band transition at Point A as well as other excitations from electron beam (STEM,
80 kV acceleration voltage, monochromatic electron beam, FWHM = 0.18 eV). The
energies of Peaks A-F are given in Table 5.1.
Table 5.1: Peak/edge positions (in eV) of the energy loss function of a CaTiO3 lamella as
labeled in Figure 5.2. The suggested assignments are given in parenthesis. Above
20 eV, various valence band - conduction band as well as inter-band transitions are
possible. Peaks D and E correspond to shallow core level transitions of Ca and Ti
respectively.
A (eV) B (eV) C (eV) D (eV) E (eV)
CaTiO3 (this work) 6.0 14.4 23.4 35.2 47.3
CaTiO3 [12] 6 15 24
SrTiO3 [126] 6.4 13.3 - 37.5 45.5
Assignments O 2p - (O 2p - (Ca 4s - (Ca M1 (Ti M2,3
Ti 3d Ca 4s) Ti 3d) edge, ..) edge, ..)
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cess to the band gap of the bulk material including both direct and indirect transitions.
This technique measures the energetic loss of electrons transmitted through a CaTiO3
lamella. With a much larger momentum of electrons than equivalent photons, both the
energy and momentum are transferred to crystal electrons. This allows the observation
of both direct and indirect transitions. The interaction of electrons with solids have often
been investigated in literature, a full derivation of the intensity dependencies for TEM
via JDOS (joined density of states) theory can be found in Ref. [127]. The energy loss of
electrons for a direct transition in the solid follows Equation (5.1), with E as the energy
loss of a single electron and Edirectg as the direct band gap of the solid.
Intensity ∝ (E − Edirectg )1/2 (5.1)
For indirect transitions, the intensity depends on Eindirectg as in Equation (5.2).
Intensity ∝ (E − Eindirectg )3/2 (5.2)
The electrons are inelastically scattered at atom shells, when the energy loss reaches the
energy level of the band gap as minimum. Electrons showing a signal below the band
gap of the solid are typically part of the Gaussian shaped zero-loss electrons or electrons
losing energy in form of Čherenkov radiation, when electrons faster than the phase veloc-
ity of light in the solid are slowed down. The first energy loss of electrons is measured,
when incident electrons excite crystal electrons from the valence band or other occupied
orbitals to unoccupied orbitals. With this method, a direct observation of the band gap
(direct or indirect) of an insulator is possible [127, 128, 129]. Beside band-to-band tran-
sitions, the incident electrons excite surface and bulk plasmons typically at energy levels
around 10-20 eV, which also contributes to an energy loss.
For CaTiO3, the band edge from a LE-EELS measurement is shown in Figure 5.3.
According to Equations (5.1) and (5.2), a direct band gap has been extracted with
Edirectg = 4.38 eV as well as the indirect band gap of E
indirect
g = 3.83 eV. This result
correlate well with recent results from simulations of CaTiO3 [9, 20]. The extracted band
gap of 3.8-4.38 eV is slightly higher then other EELS measurements of CaTiO3 from Ueda
et al. [13]. The difference is attributed to a better energy resolution with the usage of a
monochromatic electron beam and a reduced acceleration voltage of 80 kV in this work.
These settings reduce the Čherenkov radiation and plasmonic excitations and result in
a better signal-to-noise ratio near the zero energy peak. The difference of Eindirectg and
Edirectg of CaTiO3 is identical to measurements with EELS and vacuum ultraviolet (VUV)
spectroscopy for SrTiO3 with 3.25 eV and 3.75 eV, respectively [126, 130].
Various simulations on nanosized high-k materials reveal, that the band gap of a dielec-
tric is reduced, when reaching the border of each crystal grain [21, 131]. The reduction
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Figure 5.3: Low energy EELS measurement of polycrystalline CaTiO3 in a MIM capacitor
stack. (STEM, 80 kV acceleration voltage, monochromatic electron beam, FWHM
= 0.18 eV). The band gaps are extracted for Eindirectg = 3.83 eV (blue line) and
Edirectg = 4.38 eV (red line) respectively. These values do not change for measure-
ments across grains, planar or perpendicular to the CaTiO3 layer in the resolution
range for STEM (Figure 5.4).
arises from surface relaxations of atoms and induce shifts of both valence and conduction
bands. Additionally, dangling bonds and a high concentration of oxygen deficiencies at
grain boundaries form trap bands below the conduction band.
Different EELS scans perpendicular and in plane of the CaTiO3 layer have not shown
a change in band gap across interfaces and grain boundaries, which can be associated
to the former described band gap change. Nevertheless the intensity change of a line
scan in plane of the CaTiO3 layer in Figure 5.4 can be identified as different grains.
The decrease of intensity of the electron beam is the result of electron scattering along
grain boundaries. No significant change of the band gap of CaTiO3 is visible from EELS,
when reaching a grain boundary. Either the energy level of any reduction in band gap
is smaller than the energy resolution of the EELS measurement, or the local excitation
coil of the electron beam is much larger compared to the very localized grain boundary.
Simulations revealed a change of band gaps up to a thickness of 1-2 monolayers.
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Figure 5.4: 3D plot of a 200 nm EELS line scan in a 35 nm CaTiO3 layer between metal
electrodes in an energy range between 0-20 eV. The band gap as extracted in
Figure 5.3 shows no measurable change along the measured scan line. The layer
is fully crystalline (see TEM micrographs in Chapter 6 for details). The change
in intensity along the line scan can be attributed to scattering of electrons along
grain boundaries.
50
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Table 5.2: Parameters for fitting the XRR profiles in Figure 5.5
Sample Thickness Rel. density Roughness
(nm) of CaTiO3 (nm)
black 51.4 0.80 0.66
red 31 0.90 0.4
green 31.6 0.93 1.11
blue 51.4 0.93 0.47
5.1.3 Density approximation with X-Ray reflectance
From X-Ray reflectance (XRR) measurements (usually 2θ from 0◦ to 6◦), thickness and
density of the deposited films shall complement the results from ellipsometry. The anal-
ysis of XRR measurements needs to set up a model of the layer structure and fit sev-
eral parameters including the thickness to the experiment. Therefore, a single layer of
CaTiO3 has been deposited at typical deposition temperatures on top of a Si substrate
(with native oxide) to allow a convenient fit of the thickness, density and roughness. The
thickness extracted from XRR measurements are in agreement to the ellipsometric data.
This shows that the used Tauc-Lorentz model for the measured ellipsometry data give
reasonable results of physical properties of CaTiO3. One can further concentrate on the
density, which influences the dispersion values significantly (see Figure 5.1b)).
The density in XRR measurements is derived from the critical angle (θc), where an abrupt
fall in reflected intensity occurs. θc and the shape of the total reflection edge is the result
of an interaction between both the surface density and roughness [132]. In Figure 5.5,
the intensity over 2θ from various CaTiO3 layers is depicted. Table 5.2 summarizes the
parameters used to fit the XRR profiles. The lowest density derived from XRR is the
CaTiO3 layer deposited at 300◦C, the amorphous layer shows the lowest density. With
increasing the deposition temperature above the crystallization temperature of CaTiO3,
the fitted density increases as well. This is in agreement with the dispersion values from
ellipsometric measurements done in this work and to literature. One has to keep in mind
that a high interface roughness typically correlates with lower densities, which is not
observed here.
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Figure 5.5: X-ray reflectance of various layers at typical deposition temperatures. The edge
of the signal describes the density of the different layers. The most dense CaTiO3
layer is deposited above its crystallization temperature on Pt electrode layer (green
line). The least dense CaTiO3 layer has been deposited on Si at 300 ◦C (amor-
phous, black line). After annealing the sample at 650 ◦C in N2-O2 atmosphere,
the layers roughness increases and shifts the maximum intensity to a lower angle
with increasing density (broader peak, red line). The thickest sample at highest
deposition temperature of 650 ◦C on Si (blue line) shows a density between the
annealed sample and the sample on top of Pt.
52
5.2 X-ray photoelectron spectroscopy of CaTiO3 layers
Table 5.3: Literature values for binding energies of Ca, Ti, O in CaO, TiO2 and CaTiO3.
Material Ca 2p3/2 Ti 2p3/2 O 1s
(eV) (eV) (eV)
TiO2 459.0a 458.8b
CaO 347.2b 346.6c 531.2c
CaTiO3 346.6b 347.6d 458.6a 458.4b 531.3d
a Murata et al. [133] ; b Hanawa et al. [134] ; c Demri et al. [135] ; d Asami et al. [136]
5.2 X-ray photoelectron spectroscopy of CaTiO3 layers
The investigation of surface and bulk binding states of CaTiO3 can be done using X-ray
photoelectron spectroscopy (XPS). The results from this measurement give answers to
chemical environment, binding energy and oxidation states of elements contained in the
layer. The high resolution allows the observation of atom concentrations down to 1 % of
the bulk material. This includes dopants or unwanted contamination (e.g. carbon) of
the layer above that resolution limit.
As for CaTiO3, following questions shall be resolved:
1. Is Ti at its full oxidation state (Ti4+) or is any significant composition with a lower
oxidation state (oxygen vacancies) measurable in the layer (typical for sputtered
layers)?
2. Is there a layer of Ca(OH)2 and CaCO3 on the surface of CaTiO3 due to the
hygroscopic nature of Ca?
3. Are there contaminations of foreign atoms (e.g. Fe, F, Ni, Mo), which may influence
the electric conductivity and the formation of trap states?
4. What is the measured concentration of Ca, Ti and O and is it in the stoichiometric
range of CaTiO3?
Literature values for binding energies of Ca,Ti,O from the CaO, TiO2 and CaTiO3 are
summarized in Table 5.3.
XPS experiments of amorphous CaTiO3 stacks with and without a Ru capping layer
have been performed and the binding levels of all elements in the available energy range
have been extracted. The comparability to values from bulk or crystalline CaTiO3 from
literature [133, 134, 135, 136] is obtained. From pair/radial distribution function results
[137], it is known, that the local order does not change between amorphous and crys-
talline samples respectively [138, 139]. Therefore, XPS should not distinguish between
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Figure 5.6: XPS spectrum of a CaTiO3 stack between 200 eV to 600 eV. The two samples show
no difference in composition. Small amounts of C and F reveal the adsorption of
carbon dioxide as well as contamination from sample boxes.
amorphous and crystalline layers, when the binding length/energy is constant. Any shift
is finally attributed to a chemical change in the layer.
An overview of energy levels for CaTiO3 in the range from 200 eV to 600 eV is depicted
in Figure 5.6, and contains all relevant data for Ca, Ti and O. With an incidence angle
of 45 ◦, both surface and bulk properties are measured. The different binding energies of
Ti, Ca and O from as deposited (Figure 5.7) as well as sputter cleaned samples (Figure
5.8) are now investigated in detail.
The Ti binding states (Figure 5.7b)) from as deposited layers as well as sputtered lay-
ers after removal of contaminants (Figure 5.8b)) reveal a strong Ti4+ peak from TiO2
bindings. A small shoulder from a Ti3+ signal in as deposited layers, which is enhanced
significantly when sputtered, indicates the existence of small amounts of Ti2O3 or oxygen
vacancies [140]. This result gives a hint towards an oxygen deficiency from the deposition
process of CaTiO3. The binding energy of 459.2 eV from Ti4+ ions is higher as from pow-
der samples in CaTiO3 [133, 136] and slightly higher in TiO2 [133]. The binding energy
of Ti4+ is dependent on the binding length between the Ti - O binding in the TiO6 oc-
tahedron and typically shifted to lower values with introduction to bivalent cations (Ca,
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Sr, Ba; from left to right higher to lower binding energy)[141]. The usage of ultrathin
CaTiO3 samples in this work may lead to suppression of vibrational modes responsible
for the binding energy position [141]. The energy separation between the two spin-orbit





Figure 5.7: X-ray Photoelectron spectroscopy of crystalline CaTiO3 on top of a Si(100) sub-
strate. The binding energy of the elements a) Ca, b) Ti, c) O and d) C are
magnified from Figure 5.6. The oxygen characteristic peaks correspond to : I -
O2−(TiO2); II - O2−(CaO, CaTiO3), (CO3)2−, OH−; III - H2O according to Refs.
[134, 143].
The XPS spectrum of binding energies for the Ca doublet (Ca 2p3/2 and Ca 2p1/2) is
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Figure 5.8: X-ray Photoelectron spectroscopy of crystalline CaTiO3 on top of a Si(100) sub-
strate after sputtering with Ar to remove surface adsorbents. The spectra cor-
respond to the electron energy of a) Ca, b) Ti, c) O and d) C. For O, the peak
corresponding to the adsorption of H2O vanished completely.
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given in Figures 5.7a) and 5.8a), respectively. Both wide peaks indicate the existence of
a sum of at least 2 doublets of Ca in binding (here components I and II). A Ca doublet
from CaTiO3 at 347.4 eV and 350.9 eV is accompanied with a doublet from another high
binding energy (HBE) component at higher energy of 348.4 eV and 351.9 eV. The HBE
component can be assigned to a Ca-O binding in CaO or Ca(OH)21. The HBE peaks
suggest the existence of CaO or its hydroxide and disappear after surface cleaning. The
FWHM of the peaks is lowered for the sputtered layers, the HBE component peak is
reduced and only Ca-O bindings from CaTiO3 remain. The binding energy of Ca in
CaTiO3 corresponds to other CaTiO3 results obtained by annealing CaTiO3 in vacuum
[136] and is slightly higher than in CaO [134] (Table 5.3). This indicates, that the Ca-O
binding in CaTiO3 is not significantly influenced by the potential field of the neighboring
atoms.
The most significant changes from XPS spectra between as-deposited and plasma cleaned
CaTiO3 can be seen in Figures 5.7c) and 5.8c). Three peaks can be assigned in the XPS
spectrum of Figure 5.7c) which are referred as adsorption of water and some molecules
containing carbon. Interestingly, the small shoulder (Peak I) at lower energy is attributed
to the presence of pure TiO2. While the CaO and CaTiO3 peaks of oxygen can not be
distinguished from each other in Peak II, Peak I indicates a decomposition of CaTiO3 to
CaO and TiO2 followed by the formation of Ca(OH)2. This is the first hint towards the
reason for hygroscopy in CaTiO3. After plasma treatment, the Peak III, which indicates
the existence of H2O, is completely removed and only a single Peak at 530.9 eV remains
(Peak I). The shoulder at higher energies is attributed to oxygen deficiency in CaTiO3
(see Ti3+ formation in Figure 5.8b)) and also appears for TiO2 together with higher con-
centrations of Ti3+ in Ref. [144]. The adsorption of carbon on the surface can be seen
in Figure 5.7 d) and is removed after Ar plasma cleaning in Figure 5.8 d).
5.3 Stoichiometry of CaTiO3 layers
XPS measurements show that the Ca to Ti relation exhibit identical concentrations as
expected from sputtering from a stoichiometric CaTiO3 target. Nevertheless, a strong
oxygen deficiency is revealed. The composition of the as-received CaTiO3 films could be
determined from the XPS measurements to be Ca1.5T i1.5O22. Every second oxygen atom
is missing or not bound to Ca or Ti in the amorphous layer. However, extremely low
1NIST X-ray Photoelectron Spectroscopy Database 20, Version 3.5: srdata.nist.gov/xps/
2No surface oxygen annealing to restore oxygen stoichiometry has been done to keep CaTiO3 amor-
phous.
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leakage currents for amorphous CaTiO3 layers (see Chapter 7 for details) are indicating a
much smaller deficiency, no major contribution of conduction through trap states or even
metallic behavior of unbounded metal atoms is measured. In addition, X-Ray fluorescence
analysis (XFA)3, where a much smaller oxygen deficiency has been measured, can not
confirm the strong oxygen efficiency. The relative error of this specific setup for oxygen
and lighter elements is approx. 15 %.
Rutherford backscattering (RBS)4 on first sputtered CaTiO3 layers revealed a Ca/Ti ratio
of about 1.30-1.39. XPS measurements showed a ratio of 1.27 of the same as deposited
CaTiO3 layers. After extensive sputtering from the CaTiO3 target, XFA scans revealed
a Ca/Ti ratio of 0.98-1.03, which has been confirmed for other samples with XPS (see
XPS results).
5.4 Roughness and crystallinity of CaTiO3 layers
5.4.1 Surface roughness
The advantage of the sputter deposition process is the high uniformity and small rough-
ness for as deposited films even on large scale substrates. The following AFM images of
CaTiO3 layers on top of an electrode shall be representative for complete capacitor stacks
except the omitted top electrode. Most influence to the surface roughness is expected to
arise from high temperature deposition combined with long deposition times.
Two extremes for surface roughness of CaTiO3 layers during deposition are shown in
Figure 5.9. The roughness value is significantly lower than 1 nm, even for the thick and
crystallized layer (60 nm, high Tdep of 650◦C) of CaTiO3. Amorphous layers are typically
very smooth compared to crystalline samples. As indicated in XRR measurements (Fig-
ure 5.5), the density of all layers do not change significantly. For amorphous layers, the
smoothest surface is achieved between 300-450◦C deposition temperature. With the fur-
ther increase of Tdep to approx. 600◦C (see Figure 5.5) the density but also the roughness
increases. This may be attributed to a roughening of the underlying electrode. Above the
crystallization temperature, the CaTiO3 surface shows an increased roughness compared
to the previous amorphous samples. No cracks or the formation of large crystals can be
identified in the AFM image of Figure 5.9 b).
An annealing series of an amorphous CaTiO3 layer is shown in Figure 5.10. Besides
the formation of hillocks (brighter area in the image), the roughness is not changing
3The XFA measurements were done by Dr. Manfred Schuster at Siemens Analytics (CT T MHM ANA)
4Done by Dr. rer. nat. Steffen Teichert (Principal Surface and Materials Analysis, Qimonda/Infineon).
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a) b)
Figure 5.9: AFM image of an a) amorphous CaTiO3 layer (30 nm, RMS 0.20 nm) compared to
a sample b) deposited at 550◦C (60 nm, RMS 0.47 nm) on top of Pt/TiN electrodes.
Even at elevated temperatures for long deposition times, the roughness of CaTiO3
increases insignificantly.
significantly for annealing times between 1-8 min. Figure 5.10 b), cracks and holes are
developing, revealing a surface reconstruction compared to the flat amorphous sample.
XRR measurements (Figure 5.5) showed no significant increase in density of CaTiO3 for
annealed samples, therefore the layer morphology may mainly change due to transition
from amorphous to crystalline CaTiO3 including the reduction of incorporated defects
from Ar or oxygen vacancies [123]. Only insignificant change in roughness of the CaTiO3
layer deposited at 650◦C is expected, when an anneal step is applied afterwards.
In summary, the CaTiO3 layers deposited at various temperatures show smooth and fully
closed surfaces with an RMS < 1.0 nm in AFM measurements. The in-situ deposition
of Ru as top electrode on those layers without any temperature post-treatment produces
capacitors with low leakage currents (See Chapter 7). Post-deposition annealing of pure
CaTiO3 films reveals a development of holes and cracks for annealing times larger 2 min.
Therefore any further electrode deposition for electrical characterization is of no use. No
cracks in the surface have been observed after annealing of a complete capacitor stack
including the TiN top electrode. These capacitors have also been processed further for
electrical characterization (Section 3.1).
5.4.2 Crystallization of CaTiO3
(Poly-)Crystalline CaTiO3 layers are formed, when deposition or annealing temperatures
increase above the crystallization temperature Tcryst of CaTiO3. The crystallization is
necessary to achieve the permittivities needed in MIM capacitor stacks. According to
Holliday et al. [46], CaTiO3 possesses a substrate dependent crystallization tempera-
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b) c)a) d)
Figure 5.10: Annealing series from the amorphous layer of Figure 5.9 a) with a RTP anneal
at 650◦C in N2 for a) 1 min (RMS: 0.38 nm) b) 2 min (RMS: 0.51 nm) c) 4 min
(RMS: 0.50 nm) and d) 8 min (RMS: 0.41 nm). Larger hillocks appear after 1 min
annealing with a diameter of about 80 nm. Holes and cracks (some are redrawn)
appear on the surface visible in Figures b)-d), indicating a volume reduction of
the sputtered layers. Focusing on the hillocks, the rearrangement of the surface
is already finished after 1 min annealing time.
ture. On a Si substrate, the crystallization temperature is 650 ◦C. Temperature stable
substrates/electrodes are needed to avoid damage to the MIM stack during deposition
or annealing. Suitable electrodes have been proposed previously in Chapter 4 for that
requirement.
Figure 5.11 shows a high temperature XRD (HTXRD) spectrum (Section 3.2) of a
Ru/CaTiO3 layer stack on top of a Si substrate with a native oxide. Both CaTiO3
and Ru have been sputtered at room temperature. To investigate the crystallization of
CaTiO3, the sample has been heated in N2 atmosphere. Besides the oxidation of Ru to
RuO2, the HTXRD spectrum shows a starting crystallization of CaTiO3 at 640 ◦C. This
is in agreement with the literature values for CaTiO3 [46]. The Ru capping layer in this
experiment protected CaTiO3 from the adsorption of ambient gases and water during
sample transportation. It may introduce stress to the dielectric during crystallization
and therefore increases Tcryst of CaTiO3. Nevertheless, the CaTiO3 film thickness of
30 nm in this experiment is expected to be sufficient to neglect a distinct influence to the
crystallization behavior.
With GIXRD on a MIM capacitor stack and a CaTiO3 deposition temperature of 550◦C
(Figure 5.12), a crystal peak at 2θ = 32.8 ◦ can be assigned to CaTiO3. The other CaTiO3
peaks are superimposed on the different electrode signals. This measurement depicts the
difficulty to extract useful data for crystallization of CaTiO3 in a full capacitor stack.
Strong peaks are visible for Ru and Pt positions, which hide the other prominent peaks of
CaTiO3. Therefore, no reliable crystal size extraction (with the Debye-Scherrer-Method)
is possible.
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Figure 5.11: High Temperature XRD (HTXRD) spectrum of CaTiO3 on top of a Si substrate
with native oxide. A Ru top layer works as a capping layer for CaTiO3. At
room temperature, crystalline Ru reflections are visible, the CaTiO3 layer is
amorphous. RuO2 formation starts at 505 ◦C, the Ru is completely oxidized at
575 ◦C. The crystallization of CaTiO3 starts at 640 ◦C.
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Figure 5.12: GIXRD of a Si/TiN/Pt/CaTiO3/Ru MIM capacitor stack. CaTiO3 has been
deposited at 550 ◦C. Besides a peak at 2θ = 32.8 ◦, which can be associated with
CaTiO3, the metal electrode materials contribute to the spectrum and mask
other potential peaks of CaTiO3.
5.5 Conclusion and summary
The dielectric layers of CaTiO3 have been investigated regarding the optical properties
of the dispersion values, which are dependent on layer thickness, density and band gap.
The dispersion values are lower compared to literature values of CaTiO3 bulk crystals.
On the one hand, this is explained by the lower density due to the sputter deposition of
CaTiO3. On the other hand, the extracted band gap of more than 4 eV is higher than in
other publications and therefore the absorption edge shifts to higher energy values. This,
beside other reasons, can be attributed to the high purity of the used CaTiO3 sputter
target (99.999% grade).
XPS measurements revealed the existence of adsorbents at the CaTiO3 surface corre-
sponding to CaO, Ca(OH)2, CaCO3 formation. This result confirms the hygroscopic
nature of CaTiO3 and a reaction with ambient gases. By pre-cleaning the surface in
vacuum with the help of Ar+ plasma, carbon content is removed significantly, as well
as the other Ca containing components. The Ar+ cleaning shows a reduction of Ti4+ to
Ti3+ due to the preferential removal of oxygen in conjunction with the oxidation state
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change of Ti. The comparison of stoichiometry with EELS and XPS reveals a Ca/Ti
ratio of 1 and a significant oxygen deficiency in the layers. Although sputtering is known
to create layers with some oxygen deficiencies, the level measured especially with XPS
has to be taken with great caution.
The oxide layer thickness is a crucial parameter, when thickness dependent information
like permittivity has to be extracted. Therefore, the CaTiO3 thickness calibration is done
in this work with ellipsometry as well as XXR measurements and also backed with several
TEM images. All methods provided similar thickness results, therefore ellipsometry as
the most simple method has been extensively used to calibrate the thickness of CaTiO3
oxide layers.
With the help of HTXRD measurements, the crystallization temperature of amorphous
CaTiO3 in the investigated layers lies at 640 ◦C. Rapid thermal annealing at 600◦C of
some samples as well as depositing samples at 550◦C also induces crystallization. The




6 Transmission electron microscopy
characterization on crystallinity of
calcium titanate
6.1 Crystallization behavior at 550◦C
For various ABO3 perovskites, the crystallization temperature lies above 600 ◦C when us-
ing typical deposition techniques (Sputtering, Pulsed laser ablation etc. of SrZrO3 [145],
SrTiO3 [146, 147]). As depicted previously in Figure 5.11, this is also valid for CaTiO3
deposited on Si substrates. In most publications, post deposition anneals (PDA) are pre-
ferred to achieve crystallinity due to better environmental control (gases, temperature,
annealing time) and less temperature induced stress towards the substrate. PDA requires
temperature stable top and bottom electrodes (e.g. TiN) when annealing the full MIM
capacitor stack. As seen in Chapter 4, Ru starts to oxidize at 400◦C and is not suitable
as electrode material for the discussed annealing temperatures.
When using an reactive top electrode, e.g. Ru, the crystallization of the oxide layer is
done before the deposition of the top electrode. In this case, the crystallization of the
dielectric is not influenced or inhibited by lateral strain from the top electrode. In this
work, for capacitors containing Ru top electrodes, the CaTiO3 has been deposited at
temperatures above 600 ◦C to achieve crystallinity. With TiN top electrode, PDA has
been applied after the deposition of the full capacitor stack.
Both high temperature processes require bottom electrodes, which are stable during the
complete deposition/annealing process. This is especially important for high temperature
deposition processes, as the deposition time is much longer compared to the annealing
time with PDA. Carbon or TiN/Pt as bottom electrodes have been selected in combina-
tion with CaTiO3 to serve that purpose (see Section 2.2).
For a CaTiO3 layer with a thickness of 35 nm deposited at 550 ◦C, a complete crystal-
lization is observed in TEM (Figure 6.1). This temperature is lower than the results
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Figure 6.1: Transmission electron micrograph of CaTiO3 layer deposited at 550 ◦C. The full
layer is crystallized. No interfacial layer is visible between CaTiO3 and the elec-
trodes.
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extracted from X-ray diffraction measurements in Figure 5.11. The difference in crystal-
lization temperature Tcrys between the samples can be summarized as follows:
• Annealing of a layer is perceptibly different to a deposition at high temperatures
due to the different temperature budgets.
• With a Ru layer covering the CaTiO3, strain was introduced to CaTiO3 and there-
fore the crystallization may be inhibited in Figure 5.11.
• Sputtering at elevated substrate temperatures in conjunction with energetic mate-
rial particles (typically 10 eV) may introduce enough energy for the formation of
crystallites.
• Pt has has a comparable lattice constant to CaTiO3. This reduces the energy
necessary for crystallization, when using Pt as bottom electrode.
The effect of strain introduced to the CaTiO3 layer as well as the influence of the Pt
lattice match to CaTiO3 is further investigated in the next section.
6.2 Strain in dielectric layer induced by top electrode
In various TEM bright field images, induced strain to the crystalline CaTiO3 from top
electrodes can be identified. This is expressed by a brightness change for an otherwise ho-
mogeneously crystallized layer [148, 149, 150, 151]. Figures 6.2 a) and 6.2 b) show TEM
images of MIM capacitor stacks, where lattice strain from the top electrode is visible.
The crystalline CaTiO3 reveals its typical (220) lattice planes with a plane distance of
1.36 Å. The parallel planes evolve at the bottom electrode up to the top electrode, indi-
cating a single crystallite. Additional periodic changes in intensity appear when reaching
the top electrode. This periodicity has been emphasized in the insets of both pictures.
The continuation of the d220 lattice planes (besides appearance of brightness changes)
indicate a crystal rotation around the [220] lattice vector. The crystal rotation seems
to be necessary to adapt to the top electrode lattice. The adaption appears for the two
samples with different crystallization process (high temperature deposition vs. PDA),
which indicates an induced strain independent of the used process. The values of pe-
riodicity are larger than one unit cell of cubic CaTiO3. Nevertheless the length scales
can be interpreted as multiples for the d111 plane (2 × d111) for the sample with TiN
top electrode and multiples for the d110 plane (4 × d110) (Table 6.1) for the sample with
Ru top electrode. There is a potential correlation between the lattice of both the top
electrode and CaTiO3. The brightness maxima can be assigned as the least common
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Figure 6.2: TEM images of MIM capacitor stacks showing strain in dielectric layer induced
by top electrode (red lines). a) Stack with CaTiO3 between Pt and Ru electrodes
deposited at 550◦C (Ru electrode at 100◦C) b) Stack with CaTiO3 between Pt
and TiN electrodes deposited at 300◦C and annealed at 600◦C. The change in
intensity is the result of a twisted unit cell around the [110] crystal direction of
the visible lattice plains. The strain results in periodic change of intensity (blue
lines in insets), which is significantly larger than the CaTiO3 lattice constant
(aCT O = 3.84Å).
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Table 6.1: Lattice plane distances for various cubic CaTiO3 lattice planes (lattice constant
a = 3.84 Å).
(100) (110) (111) (220) (222) (210)
d (Å) 3.84 2.72 2.22 1.36 1.11 1.72
denominator of both lattices in the given crystal orientation. No lattice strain induced
by the Pt bottom electrode indicate an already relaxed CaTiO3 layer due to the matching
lattice of both materials. No strain has also been observed in TEM for a stack without
top electrode (e.g. later in Figure 6.5).
Periodic brightness changes can be caused by other imaging effects of the layer structure.
A brightness change have been reported in Ref. [152], where it has been correlated to
stacking faults due to local stoichiometry variations. This explanation is unlikely here,
because the layers match the CaTiO3 stoichiometry (see Section 5.3). Another possi-
bility are Moiré pattern as interferences between the lattice planes of different CaTiO3
crystallites lying above each other. This can be excluded here, the pattern should than
appear at grain boundaries in the CaTiO3 layer and should not be dependent of the choice
of electrode material. There is a correlation between the periodic brightness change in
CaTiO3 and the lattice direction in the top electrode (visible in Figures 6.2 a) and b)
and following), induced strain is therefore the most reasonable explanation.
6.3 Comparison of post deposition anneals and CaTiO3
crystallization during growth
Post-deposition anneals (PDA) of CaTiO3 capacitor stacks are possible with samples
containing TiN as top electrode. Figures 6.3a) and 6.3b) show TEM micrographs of a
CaTiO3 capacitor, where an amorphous layer of CaTiO3 (11 nm) was annealed in N2
for 1 min at 600 ◦C in N2 atmosphere. The CaTiO3 layer is completely crystallized.
The crystallinity signal of CaTiO3 is intensified with a dark field TEM in Figure 6.3b).
The CaTiO3 crystallites are significantly larger in lateral dimension compared to the
film thickness. Corresponding capacitance measurements of the MIM capacitors (Figure
6.4) reveal a CaTiO3 permittivity of 25-30 for amorphous CaTiO3 and 90 after PDA
above 600 ◦C for the sample in Figure 6.3. A series of samples with different deposition
temperatures is included in Figure 6.4, showing beside the amorphous and crystalline
permittivity an intermediate permittivity of approximately 50 starting at 550 ◦C. This
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a) b)
Figure 6.3: TEM images of CaTiO3 capacitor stack annealed at 600◦C. The crystallization
of CaTiO3 is visible in a) a bright field STEM as well as b) corresponding dark
field STEM image. 10 nm CaTiO3 has been deposited at 300◦C and annealed at
in N2 atmosphere for 1 min. The CaTiO3 layer is fully crystallized, some parts
are visible as darker part in CaTiO3 of Figure 6.3a) or as brighter part in Figure
6.3b).
has not been observed in any sample prepared with PDA. One sample of CaTiO3 on
Pt deposited at 600 ◦C without a top electrode is depicted in Figure 6.5. Only partial
crystallization of the CaTiO3 layer is visible. The sample is 5 nm thinner but has been
deposited at a higher temperature compared to a previous sample in Figure 6.1. The layer
thickness may be more relevant than the deposition temperature to achieve crystallinity
of CaTiO3. The relationship between layer thickness and crystallization temperature was
investigated for amorphous Si/SiO2 superlattices in Ref. [155] and modeled later in Ref.
[156]. The model from Ref. [156] is shown in Equation (6.1) and includes an exponential
progression with the layer thickness. The crystallization temperature Tcrys is expressed
as
Tcrys = Tac + (Tmelt + Tac) exp−d/C , (6.1)
with Tmelt describing the melting temperature of the bulk crystal, Tac is the crystal-
lization temperature of a thick amorphous film, d is the thickness of the layer and C a
constant. This dependence has been confirmed for ultrathin layers of Ge2Sb2Te5 films
(5-20 nm) in Ref. [157] and may be adopted to the different amount of crystallites in the
CaTiO3 layers investigated here. 35 nm CaTiO3 layers deposited at 550◦C on Pt show
a higher degree of crystallization compared to 30 nm CaTiO3 deposited on Pt at 600◦C.
This small variation in temperature indicates that the temperature dependence to form
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Figure 6.4: Permittivity of CaTiO3 at different deposition/ annealing temperatures. The
samples deposited at high temperatures (30 nm CaTiO3 thickness) exhibit an in-
termediate k-value of approx. between 550-600◦C Tdep (marked blue). At a Tdep
of 700◦C, the permittivity reaches a value of 95. Annealed CaTiO3 layers show
an immediate increase of permittivity to 90 above Tan larger than 550◦C without




Figure 6.5: A CaTiO3(30 nm)/Pt(42 nm)/TiN(3 nm) stack on top of a Si substrate shows only
partial crystallization of CaTiO3. A small interface at the top of CaTiO3 between
the preparation layer (Pt) indicates a reaction of CaTiO3 with ambient gases (XPS
of surface in Figure 5.7) or the formation of hydroxides [153, 154].
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Figure 6.6: Thickness dependence of CaTiO3 permittivity at 550 ◦C deposition temperature.
The CaTiO3 layers up to 30 nm exhibit a permittivity of approx. 55. The further
increase in layer thickness results in an increase of permittivity to 104. The
permittivity values have been extracted from a linear fit of the inverse capacitance
over thickness by neglecting any interfacial capacitance.
crystallites is very susceptible in the region of Tcrys of CaTiO3. This susceptibility is
more pronounced in capacitance measurements on a CaTiO3 thickness series at a con-
stant deposition temperature.
Figure 6.6 shows the thickness dependence of permittivity of CaTiO3 deposited at 550 ◦C
on a Pt electrode. The permittivity values have been extracted from a linear fit of the
inverse capacitance over thickness by neglecting any interfacial capacitance. The thin
layers reveal a permittivity of approx. 55. With increasing the layer thickness, the per-
mittivity increases up to 104. The differences in permittivity with layer thickness is the
result of partially crystallized CaTiO3 at the used deposition temperature. To confirm
this statement, the samples with intermediate permittivity are now further investigated
in detailed TEM analyses.
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6.4 Nanocrystals of CaTiO3 in an amorphous matrix
Previously, CaTiO3 within or without a MIM structure has been deposited at a high de-
position temperature and/or sufficiently thick to achieve crystallinity. The reason for the
inhibition of crystallization is due to the increasing contribution of the surface energy to
the overall energy, when going to thinner samples [156]. It should be noticed that in Ref.
[156] the partial crystallization of Si nanocrystals in an amorphous SiO2 matrix occurred
as a phase separation of two materials with different melting points. The physics behind
the formation of CaTiO3 nanocrystals may differ.
Reducing the deposition temperature and the thickness of CaTiO3 does not simply lead
to an amorphous dielectric. It shows an intermediate state of crystallization, where parts
of the layers are amorphous and crystalline (Figures 6.5 and 6.7b)). Partial crystalliza-
tion has also been observed by Strobl et al. [158] and Dunlop et al. [159]. It had been
either done under phase separation or locally applying enough energy for crystallization
with ion bombardment. These explanations to not apply to the observed partial crys-
tallization in the CaTiO3 layers. The temperature is applied equally throughout the
layer and phase separation is unlikely. No change in band gap from previous LE-EELS
measurements indicates an uniform composition for amorphous and crystalline CaTiO3
(Figure 5.4). This hints towards an influence of the underlying Pt layer, which will be
investigated consecutively.
For equal MIM capacitor stacks with different dielectric thickness, a deposition temper-
ature of 550 ◦C leads to full crystallization (Figure 6.1) for a sample with thick oxide
larger than 30 nm. For the thinner sample with equal deposition conditions, most parts
of the CaTiO3 layer are amorphous (Figure 6.7 a)), crystallization occurs only in some
small areas (Figure 6.7 b)). Most of these crystallites show the same lateral size as the
underlying crystallites in the Pt electrode. This hints towards a lattice correlation be-
tween the Pt electrode and the CaTiO3 layer.
Previous experiments showed epitaxial growth of SrTiO3 as a comparable perovskite on
top of various Pt surfaces [160, 161, 162]. Nevertheless, SrTiO3 has a lattice constant
of 3.905 Å (eg. Ref. [163]), which has a better lattice match towards Pt with a lattice
constant of 3.92 Å compared to a value of 3.84 Å for CaTiO3. As literature shows, the
two per cent difference between the Pt and CaTiO3 lattice constants typically introduce
enough lattice strain to the oxide layer to prevent any structural ordering [164]. The lat-
tice strain and the crystallization inhibition due to the thin oxide layer (Equation (6.1))
may be the main reason for the amorphous part of the CaTiO3 layer.
Obviously, this is not valid for the crystallites surrounded by the amorphous matrix in
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Figure 6.7: TEM micrographs from 5 nm CaTiO3 layers show partial crystallinity. The sample
has been deposited at 550◦C on top of a Pt electrode. Most parts are amorphous
(Figure 6.7a)). Some crystalline parts are visible with a lateral dimension match-
ing the underlying Pt crystal (Figure 6.7b)).
Figure 6.8: TEM image of bottom of inverse pyramidal shaped crystal on top of Pt. The
corresponding reciprocal space from the rectangle show both reciprocal lattice
points for Pt and CaTiO3.
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Figure 6.9: Another TEM image of a nanocrystallite on top of Pt. The reciprocal image shows
an equal correlation of lattice point as in Figure 6.8.
Figure 6.7 b). The size of the nanocrystals correspond to the underlying Pt crystallites.
An even more predicated sample has been shown in Figure 6.5, where the Pt crystals
in the electrode work as seed crystals for the formation of inverse-pyramidally shaped
CaTiO3 crystals. TEM images at the interface in Figures 6.8 and 6.9 reveal, that all
measured CaTiO3 crystallites grow on a specific oriented Pt crystallite. The CaTiO3 lat-
tice planes show the same correlation for the planes of the Pt crystallite. The reciprocal
space images in Figures 6.8 and 6.9 back that correlation.
For simple cubic unit cell materials, it is simple to identify the exact correlation between
those two materials. It is rather complicated to identify this in the Pt/CaTiO3 system,
especially for the orthorhombic CaTiO3 unit cell (twisted cubic structure, Figure 6.10).
First it is necessary to identify the Pt and CaTiO3 crystal view direction in TEM and
then the angle of correlation for both crystallites. Second, the angle finally hints towards
the Pt surface, which is responsible for the ordered growth of another specially oriented
CaTiO3 crystallite.
To begin with, the orthorhombic unit cell of CaTiO3 is given in Figure 6.10 together with
its pseudo-cubic unit cells. This figure shows that the orthorhombic unit cell consists out
of two pseudo-cubic cells stacked in z-direction and rotated by 45◦(cubic {110} direction).
In Figures 6.8 and 6.9, the Pt view direction is the {100} direction of a fcc crystal. The
visible atomic positions of Pt show reciprocal lattice points in both figures (right FFT
images). The CaTiO3 direction is more complicated to identify, only two reciprocal lat-
tice points are available. The CaTiO3 crystal is minimally tilted in the TEM images, the
remaining visible planes indicate a {220} view direction. The different points of view for
CaTiO3 are simulated in Figure 6.11. The visible planes of CaTiO3 for the assumption
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Figure 6.10: Simple cubic structure of CaTiO3 (a = 3.84 Å) with a) Ti centered and b) Ca
centered. c) Orthorhombic unit cell of CaTiO3. The cubic cell is rotated by 45◦
around the z-axis. To include the tilted TiO6 octahedrons, the unit cell size is
double the size along z-axis in Pbmn structure.
























h2 + k2 + l2
(6.2)
with a(, b, c) as the lattice constants, h, k, l as the integer values for reciprocal lattice
points and ghkl as the reciprocal lattice vector. d220 = 1.35 Å is the distance for the
lattice planes visible in e.g. Figures 6.7b) and 6.8. In Table 6.2, all reciprocal lattice
distances for the cubic and orthorhombic CaTiO3 crystal are calculated1 for different view
directions. In most TEM images, one can identify the [220] plane of CaTiO3, no single
1For cubic CaTiO3, the lattice constant is a = 3.84 Å. For the orthorhombic structure, the lattice
constants from Ref. [4] have been taken.
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[100] [010] [001] [110]
Ca Ti O
Figure 6.11: Simulation of TEM pattern for CaTiO3 with different zone axes. As unit cell, the
orthorhombic Pbmn crystal structure was taken. It is shown in Figure 6.10, that
the orthorhombic unit cell is rotated about 45 ◦ around the z-axis compared to
the standard simplified cubic structure. Therefore, the orthorhombic [100] and
[010] zone axes correspond to the [110] zone axis of the cubic structure. Equal
distances for the main (quadratic) features(/atoms) can be viewed from the [001]
and [110] orthorhombic zone axes.
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Table 6.2: Calculation of reciprocal lattice vectors from different view directions. It can be
seen, that the distances in reciprocal space reappear for both the cubic and or-
thorhombic CaTiO3 crystal structure or are multiples of it from different view
directions. The different lengths in z-direction for the orthorhombic structure are
the result of the rotated unit cell (see Figure 6.10).
Reciprocal lattice vectors of CaTiO3 in Å−1
View {220} {110} {111} {200} {112}
direction orth. cub. orth. cub. orth. cub. orth. cub.
[100] 0.452 0.368 - - 0.369(020) 0.521 - -
0.261(002)
[110] 0.261(110) 0.368 0.584(222) 0.451 0.261(002) 0.521 0.370 0.638
[111] 0.522(220) 0.368 - - - - 0.370(112) 0.638
0.452(022) 0.434(211)
atoms (atom columns) are visible. This is explicitly shown in reciprocal space, where
reciprocal lattice points in only one direction with |g111| of 0.451 Å
−1
can be extracted.
Only a few images show more CaTiO3 lattice points in reciprocal space, especially at the
boundary of the isolated crystals. This hints, besides a crystal rotation perpendicular to
the [220] plane, towards an off-center position of Ti atoms [34] or even a screw dislocation
in CaTiO3 [165].
Pt on the other hand typically shows various lattice points, from which the view direction
and single planes can be identified. As conclusion, the oriented growth of CaTiO3 on Pt
is not achieved like SrTiO3 on Pt along the {100} lattice planes as in Ref. [160], but
a small shift in angle between both unit cells is persistent. Finally, the TEM images
conclude, that only a Pt {111} interface leads to an oriented growth of a (111) CaTiO3
crystal. For other oriented Pt surfaces no epitaxial relation could be identified in all
experiments.
6.5 Discussion of preferential growth
Lattice parameters with surface energies of both Pt and CaTiO3 are playing an important
role for the ordered growth. The Pt {110} surface tends to form {111} facets at higher
temperatures [166] with increasing roughness compared to the {100} and {111} surfaces
[167]. On a surface heated up to 600◦C, the fraction of Pt {110} facets is reduced
compared to other facets.
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So far, little is known about epitaxial behavior of CaTiO3. Epitaxial recrystallization
experiments revealed an activation energy of 3.18 eV for [010] and 3.89 eV for [100] surface
direction of CaTiO3 [168]. Various simulations were performed using ab-initio methods
to investigate the surface energy of CaTiO3 and to gain knowledge of surface relaxation
for different crystal directions. In Table 6.3, literature values of these simulations for
surface energies per unit cell of CaTiO3 are given. The surface energy Esurf is simply
the sum of the cleavage energy Ecleav of the crystal and the relaxation energy Erelax [21]:
Esurf = Erelax + Ecleav (6.3)
The calculated results point to the surface energy of a CaTiO3, which is highest for the
{110} and {111} surfaces. All ABO3 perovskites (CaTiO3, SrTiO3, BaTiO3, PbTiO3,
SrZrO3, BaZrO3, ...) show that the (001) surface always exhibits the lowest surface en-
ergy. The main physical reason for the lowest surface energy for (100) is that the {100}
surface consists out of neutral planes (CaO with Ca=+2e ionic charge, O=−2e) and
TiO2 (Ti=+4e and O=−2e) (see planes in Figure 6.11). These calculations reveal that
the (111) surfaces for all ABO3 are the most unstable ones and have the largest surface
energy [21]. The CaTiO3 surfaces in (110) and (111) directions are both polar (no neutral
planes), and therefore react differently in comparison to the (100) surface. Results from
literature [161, 169] evaluated that metals adsorb more strongly on polar surfaces than
on non-polar surfaces.
The Figures 6.8 and 6.9 show the (220) CaTiO3 crystallite lattice points in a specific
orientation to the Pt surface. In both TEM images, the Pt (111) facet is always the
foundation of the formation of these CaTiO3 crystallites. No growth of CaTiO3 crystal-
lites on {110} or {100} Pt surfaces was observed. The conclusion is that, beside the good
lattice match between (111) Pt and (111) CaTiO3, that the {111} surface of CaTiO3 is
the most unstable surface and forms the strongest bonds towards the Pt surface accord-
ing to the SrTiO3/Pt system in Ref. [169]. In that case, the formation energy of CaTiO3
crystallites is significantly reduced compared to the other facets. When going to higher
deposition temperatures or thicker samples (Figure 6.1), the preferential growth along
the {111} surface can not be distinguished in the entire crystallized CaTiO3 layer.
For Pt deposition on SrTiO3 shown in Refs. [161, 169], with 1 - 3 monolayers (ML)
of epitaxially grown Pt, the work of separation (the energy required to separate both
crystals) is largest for the (110) surface of SrTiO3. The energy depends on the Pt-O
bindings at the interface, an O-terminated SrTiO3 binds strongest to Pt. This can be
the case for the preferred growth of CaTiO3 on Pt(110) with a O-terminated CaTiO3
surface (Figure 6.11). DFT calculations from Ref. [169] finally show, that for (620)
O-terminated surfaces of SrTiO3, the work of separation is highest. In [174], the small
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Table 6.3: Simulated surface energies Esurf of cleaved and relaxed CaTiO3 surfaces for various
surface terminations. The overall surface energy is lowest for the {100} plane
direction. {110} surface shows an energy level close to the one for {111} surfaces.
Eglitis [20, 170] Zhang [171] Wang [172] Liu [173]
Esurf (eV/cell) (eV/cell) (eV/cell) (eV/cell)
(100) 1.13 TiO2 1.021 TiO2 0.95 TiO2 -
0.94 CaO 0.824 CaO 0.76 CaO -
(011) 3.13 TiO 2.180 TiO -
1.91 Ca 1.671 Ca -
1.86 O 3.074 B-type O -
(111) 5.86 CaO3 - - 3.993 CaO3
4.18 Ti - 3.411 Ti
Method DFT-B3LYP DFT + GGA - LDA
B3PW GGA - BFGS BFGS
derivated (621) surface has been used for epitaxial deposition of (621) Pt. The possibility
to resolve these high Miller index surfaces by TEM can not excluded, but are unlikely
under the given experimental conditions.
6.6 Conclusion
Four CaTiO3 layers within a MIM structure or without a capping layer were selected
for detailed investigation with TEM under targeted deposition conditions. Two samples
with 5 nm and 35 nm thickness have been deposited at 550 ◦C on top of a Pt electrode
and received a Ru top electrode deposited at 100 ◦C. One 30 nm CaTiO3 layer has been
deposited at 600 ◦C on a thick and smooth Pt electrode without a capping layer. One
10 nm thin CaTiO3 layer on top of Pt was deposited at 300 ◦C with a top electrode also
deposited at 300 ◦C. This sample received a PDA at 600 ◦C in N2 atmosphere for 1 min.
With these samples, an overall statement for the other comparable experiments is possi-
ble.
There is a preferential growth of CaTiO3 crystals on top of a Pt (111) surface facet
resulting in isolated crystals in an otherwise amorphous matrix. The influence of the
isolated crystals on electrical properties was addressed in Ref. [175]. Going to higher
deposition/annealing temperatures and layer thicknesses, the layer becomes fully crys-




The use of electrodes with a major deviation in lattice constants to CaTiO3 result in
strain induced to the dielectric. This strain influences the crystallization temperature.
No lattice strain was seen for Pt as electrode material with its good lattice match to
CaTiO3. The result is that the CaTiO3 crystallization temperature on Pt is lower com-
pared to samples with lattice mismatching surfaces.
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titanate in MIM capacitor stacks
7.1 The relation between physical and electrical
properties of CaTiO3 MIM capacitors
In the previous Chapters 4, 5 and 6, a detailed investigation of physical properties of
CaTiO3 and the electrodes was presented. Their possible influence on the electrical prop-
erties of CaTiO3 capacitors has already been addressed briefly, but shall be described
here in more detail.
Rough electrodes will increase the leakage current especially for ultrathin capacitors due
to electric field enhancements at the protrusion of the electrodes (e.g. in Ref. [69]). The
roughness locally increases the electrical stress to the CaTiO3 and leads to low breakdown
voltages [176, 177]. Therefore the reduction of the surface roughness of these bottom
electrodes is expected to decrease the leakage current significantly and was one main ob-
jective of suitability tests of bottom electrode investigation. The control of roughness is
even more important for high temperature processes. Those are required to increase the
degree of crystallinity of CaTiO3 during deposition or through post-deposition annealing
(PDA).
Capacitance measurements are not directly influenced by the electrode roughness. The
extracted capacitance can be influenced by the different defect concentrations induced
by the electrode roughness. Measurements of capacitance at a bias voltage causing high
leakage currents result in dissipation factors above the chosen limit of 0.1 for the parallel
model. The voltage ranges have than been reduced. If the capacitance voltage measure-
ments show dissipation factors above 0.1 for every measurement point, the results have
been disregarded (see Experimental Section 3.3).
Contaminations of the deposited CaTiO3 layers can form trap states in the band gap of
CaTiO3 and reduce the effective barrier height by a substantial level. This will increase
the leakage current of the capacitor significantly. From XPS measurements in Chapter
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5, no evident contamination has been found in the layer, which could influence the fol-
lowing leakage current measurements. Nevertheless, a large oxygen deficiency is revealed
by XPS (Section 5.2), which would increase the trap density and may form a trap band
below the conduction band [74, 178, 179]. On the other hand, ellipsometry data as well
as EELS scans showed no reduction of band gap due to trap states (Section 5.1).
While roughness, defects and vacancies are of major importance for the leakage current,
the nature of crystallinity of CaTiO3 plays a significant role to capacitance and permittiv-
ity. As indicated in Chapters 5 and 6, the crystallinity of CaTiO3 is achieved at approx.
600 ◦C in dependence on the electrode composition. Some layers showed a mixed compo-
sition of amorphous and crystalline CaTiO3, which is expected to result in lower effective
permittivities of the capacitors. Additionally, the TEM images showed no evidence of
an interfacial layer formation between the CaTiO3 and the top and bottom electrodes.
This is important for the overall capacitance of the capacitors, because without low-k
interfacial layers like TiON (Ref. [113]), the dielectric permittivity is not reduced. With
these facts, thickness scaling of capacitors with fully crystallized CaTiO3 is expected to
alter capacitance linearly, as in an ideal capacitor.
In this chapter, the results of electrical characterization start with a detailed investigation
of the capacitance density and permittivity of CaTiO3 capacitors. The current voltage
dependence on various electrodes and at different temperatures is described afterwards.
7.2 Capacitance measurements of CaTiO3 capacitors
The investigation of the capacitance of CaTiO3 capacitors was split in four parts:
1. At first, the capacitance measurements were done on different electrodes with var-
ious thicknesses.
2. Additionally, the influence of the applied electric field on the permittivity of CaTiO3
has been investigated in detail.
3. Temperature dependent C(V ) investigation shall further reveal the capacitors be-
havior to CaTiO3 permittivity and their field dependent parameters.
4. Frequency dependent C(V ) measurements complete the picture of CaTiO3 in fre-
quency ranges from 40 Hz to values above 1 MHz.
For capacitance measurements, the standard setup as described in Experimental Section
3.3 has been used to investigate the permittivity of CaTiO3.
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7.2.1 Capacitance dependence on thickness
In a capacitor stack, the capacitance density is inversely proportional to the thickness
according to the capacitance equation of a plate capacitor in Equation (7.1)




with as the dielectric permittivity k, ε0 is the vacuum permittivity, A is the area of
the capacitor and d is the thickness of the dielectric. This equation allows a simple
validation of experimental results, especially of the correct thickness for the ultrathin
dielectric layers. Because the measured capacitance comprises both a ’bulk’ capacitance
and an interface capacitance (e.g. death layers), the capacitance may not follow to the
reciprocal thickness dependence in Equation (7.1). Therefore, a the serial arrangement
















According to Equation (7.2), the inverse capacitance increases linearly with the thickness
of the film (for dint, kint = const). Any interfacial layer between CaTiO3 and an electrode
would result in a distinguishable vertical shift.
In Figure 7.1, capacitance data from amorphous CaTiO3 capacitors with thicknesses up
to 90 nm is depicted in an inverse capacitance versus thickness plot. Following Figure 7.1,
the linear fit traverses the point of origin. The extracted k-value for amorphous CaTiO3
is 26. No vertical shift is visible, a contribution of an interfacial layer with relevant Cint
can therefore be neglected and Cfilm ≈ C.
A CaTiO3 thickness series of capacitors with (partially) crystalline CaTiO3 has been dis-
cussed in detail in the previous chapter in Figure 6.6. There, the CaTiO3 layers exhibit
permittivities between 50 and 90. The difference in permittivities had been assigned to a
partial crystallization of CaTiO3. These permittivities are significantly larger compared
to the permittivity of ZrO2 (k ≈ 24 − 40 [2]) currently integrated in DRAM structures.
Most of the fully crystalline CaTiO3 samples exhibited high leakage currents (see later in
the conduction part of this chapter) and prevented a reasonable extraction of capacitance
densities (dissipation factors D > 0.1). With process optimization and the use of temper-
ature stable bottom electrodes (Chapter 4), samples with crystalline CaTiO3 have been
successfully prepared and characterized. As example, CaTiO3 exhibits a permittivity of
105 with a leakage current of 6.8 × 10−9 A/cm2 on a carbon electrode. Other samples
with crystalline CaTiO3 are discussed later (e.g. Figure 7.6 or Figure 7.8).
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Figure 7.1: Inverse capacitance density versus thickness of amorphous CaTiO3 capacitor
stacks. The linear fit (red line) of the measurement data has an intercept close to
zero, thus no interfacial layer is present.
7.2.2 Non-linear voltage dependence of capacitance
A voltage sweep has been applied to the capacitor to evaluate any field dependent change
in capacitance. Perovskites and other oxides typically exhibit an electric field dependent
change of permittivity [64, 180, 181]. In this work, capacitance voltage (C(V )) measure-
ments of CaTiO3 capacitors show the non-linearity for CaTiO3. This non-linearity can





i = a0 + a1V + a2V
2 + . . . + anV
n ≈ C0(1 + βV + αV 2) (7.3)
with ai, β, α as constant coefficients and C0 as the extremal capacitance. This is shown
in Figure 7.2 for the 2nd to 4th order fitting curves including the residuals (Figure 7.2b)).
The error of fitting is reduced with any higher order approximation. With fitting a N
order polynomial, typically a larger order residual remains. In literature, higher order
terms above N = 2 have been neglected due to simplicity reasons. The low errors
in Figure 7.2b) validate the approximation for CaTiO3. The 2nd order approximation
in Equation (2.5) has further been used to extract the voltage dependent constants of
capacitance (VCC), namely α for the second order and β for the first order voltage
dependence of capacitance.
As described in Section 2.4, non-linearity in C(V ) measurements can arise for various
86
7.2 Capacitance measurements of CaTiO3 capacitors
(a)




1.92  Measurement data
 2nd order fit
 3rd order fit


































 2nd order residual
 3rd order residual
 4th order residual 
Figure 7.2: Capacitance vs. voltage for a 10 nm amorphous Pt/CaTiO3/Ru capacitor. a)
Fitting of measured C(V ) curve with a 2nd to 4th order polynomial. The minimum
is shifted to negative voltages. An increasing order result in a better fit of the
measured data. b) Residual as a function of voltage for the 2nd to 4th order
polynomial fit. The error is significantly reduced for higher order polynomials.
reasons, e.g. ionic or orientation polarization, electrostriction of the dielectric or the
oxygen affinity of the electrode. The results obtained for CaTiO3 in this work shall
be compared to the results of related and competing materials studied elsewhere. This
includes the comparison of own results with available theoretical models.
In order to extract the coefficients of capacitance α and β in Equation (7.3) independent
from capacitance density, the C(V ) results have been normalized to ∆C according to
Equation (7.4)
∆C = βV + αV 2 =
C(V ) − C0
C0
. (7.4)
The extracted α and β are summarized for amorphous layers with various electrode
stacks and deposition/ annealing temperatures in Figure 7.3a) and 7.3b) respectively.
Figure 7.3a) shows a reciprocal behavior of the used MIM capacitor stack. There is
no deviation visible for different electrode arrangements. With the different interfaces
for various metal/oxide interfaces, it can be assumed that α is an intrinsic property of
CaTiO3 and not an interface dependent property. The small increase of α when reducing
the deposition/annealing temperature in Figure 7.4a) hints towards an α dependence on
the layer quality. A possible explanation is that defect densities and Ar incorporations
originating from the sputter process are reduced, when increasing the deposition tem-
perature of CaTiO3. While no electrode dependent properties can be recognized for α,
the opposite is valid for β. As shown in Figure 7.3b), different electrodes have a different
influence on the value of β. Beside the decreasing displacement of the C(V ) curve along
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Figure 7.3: (a) α and (b) β versus CaTiO3 thickness of amorphous capacitors with different
electrodes. The alpha factor increases with reducing the thickness independent
of the used capacitor stack. β shows a huge spreading for thin layers of CaTiO3.
Layers containing Pt show a trend of β close or below zero.
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Figure 7.4: (a) α and (b) β versus deposition/annealing temperature in various electrode
stacks. α increases linearly with decreasing deposition temperature. For the
thinnest layers of CaTiO3 and temperatures close to the crystallization tempera-
ture of CaTiO3, the value of α is distinctively increased. In Figure 7.4 β shows a
huge spreading and no trend for different deposition temperatures.
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 Rational fit N=2.0
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Figure 7.5: Logarithmic α dependence vs. thickness. The data is fitted with a rational as well
as an exponential fit. The best agreement to measurement data is achieved with
α ∝ x−2.3.
the abscissa axis with increasing CaTiO3 thickness, a clear reduction of β is depicted
when Pt as bottom electrode material is involved. A significant shift in the value to-
wards negative voltages (β > 0) is identified for all other electrode arrangements. For
Pt, the employed electrode with the largest work function, the difference towards the
work functions of TiN or Ru are comparatively large (approx. 1.0 eV). Any dependence
of β from the difference in work function of both bottom and top electrodes should result
in a larger shift for capacitor stacks containing Pt and an insignificant shift for electrodes
with comparable work function (TiN, Ru, C). Nevertheless, the results show a completely
reversed behavior. The observed influence of Pt hints towards the good lattice match of
the Pt bottom electrode towards CaTiO3. The better interface formation on the bottom
electrode for the amorphous CaTiO3 layer seems to result in the reduction of β.
The capacitor stacks containing Pt as bottom electrode always include a "misfitting" top
electrode. The reduced value of β for Pt and large value for the other electrodes con-
cludes that only the interface between the bottom electrode and the deposited CaTiO3
is important for β. No influence from deposition or annealing temperatures on β can be
derived from Figure 7.4b). The values are scattered without revealing a tendency.
While derivations of β have been disregarded in literature, various publications deal
with explanations for α (Section 2.3). Experiments with amorphous dielectrics in Ref.
[57] show a reciprocal quadratic dependence of α with thickness. To compare the results
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Figure 7.6: Field dependence of capacitance for two capacitors containing crystalline CaTiO3.
In contrast to the amorphous or semicrystalline samples, α is negative and ap-
prox. ten times larger compared to amorphous CaTiO3 layers with comparable
thickness.





The rational fit with N = 2 (Equation (7.5)) shows a good agreement to the measured
values of α. The fit slightly overestimates α for thicker oxide layers. The fit with N = 2.3
shows the lowest error.
According to Ref. [57], the α dependence on thickness is caused by electrostriction and
reveals a quadratic thickness dependence. There the thickness dependence has been ap-
proximated by neglecting higher order thickness dependencies. In the case of CaTiO3,
the used quadratic polynomial is only an approximation of a higher order polynomial,
which has been addressed previously in Figure 7.2.
To complete the picture of α for crystalline CaTiO3, two completely crystalline layers
of CaTiO3 in Figure 7.6 with 11 nm and 18 nm thickness are presented. The C(V ) mea-
surements reveal a negative α different to the amorphous and semicrystalline samples
in Figure 7.3. Both capacitors with TiN/Pt bottom and TiN top electrode have been
annealed at 650 ◦C. The absolute value of α is with |-0.034| 1/V2 for the 11 nm oxide
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approximately ten times larger compared to amorphous capacitors with similar thickness.
Several reasons for the different curvatures of amorphous and crystalline CaTiO3 layers
have been presented in Section 2.3. The change from positive to negative α values may
be the result of arising long-range potentials in crystalline CaTiO3. The capacitance
drop at an applied voltage is a known behavior for BaxSr1−xTiO3 [56, 182] or SrTiO3
[183] capacitors. It is significantly lower for CaTiO3. The capacitance for fully crystalline
CaTiO3 capacitors is nearly unchanged with an applied electric field.
The extracted α for CaTiO3 with approx. 34.000 ppm/V2 for 11 nm crystalline CaTiO3
is significantly larger than the limit for RF applications specified in the ITRS road map
[184]. Various approaches have been investigated to reduce the oxygen vacancy concen-
tration and with it the α value in literature. The anneal of SrTiO3 with N+ helped to
reduce α by a factor of 4 [185]. Similar results were obtained, when SrTiO3 samples
were annealed in oxygen atmosphere (factor 3-4 better compared to a nitrogen anneal)
[186]. Another approach was the introduction of bilayers with additional ZrO2 (positive
α) to counteract the negative α of SrTiO3 [187]. Because no efforts have been made to
reduce α for CaTiO3 in this work, all presented possibilities to reduce α can be applied
to CaTiO3 capacitors to reach the requirements of the ITRS road map.
7.2.3 Temperature dependence of capacitance
The temperature dependence of capacitance/ permittivity of perovskites has been investi-
gated since 1950 [28]. The electrical behavior of the materials resulted in the development
of crystallographic models, which are still valid nowadays. Barrets formula (Equation
(2.1) in Section 2.1.3) addresses this temperature dependence and is derived from Slaters
crystallographic model [188] of vibrating Ti atoms in a BaTiO3 crystal with fixed Ba
and O atom positions above the Curie temperature. With increasing temperature, the
vibration forces of Ti atoms are reduced (broadened), which result in a decrease of per-
mittivity. This would be the expected typical behavior of a dielectric.
With the purpose of integrating perovskites in devices with nanoscopic dimensions, new
properties, like defect states, interfaces and oxygen vacancies arise and play a signifi-
cant role in the dielectric behavior. These defects may be activated/suppressed in C(V )
measurements with changing temperature and frequency (frequency dispersion described
later). In literature, both an increase or decrease of capacitance with increasing tem-
perature with respect to the dielectric materials, deposition technique/temperature, sto-
ichiometry and defects is described. An example for a decrease of permittivity with in-
creasing temperature in polycrystalline CaTiO3 and other perovskites is shown in Refs.
91
7 Electrical characterization of CaTiO3 in MIM capacitor stacks

































 Slope T < 55°C














Figure 7.7: Temperature dependence of capacitance for amorphous CaTiO3 capacitors. a) A
linear increase of capacitance with temperature is observed for 10 nm as well as
larger thicknesses. b) The slope τ from a) and capacitors with different oxide
thicknesses is shown. A reciprocal dependence of the slope with the thickness can
be assumed (grey line).
[15, 189]. Here, Figure 7.7a) shows the temperature dependence of capacitance ((C(T )) of
amorphous CaTiO3. Because CaTiO3 exhibits an increase of capacitance with increasing
temperature, only literature focusing on this behavior is summarized. The temperature
coefficient of capacitance (TCC) τ is the slope of the linear fit for different capacities




As seen in both plots of Figure 7.7, C(T ) measurements of amorphous CaTiO3 reveal a lin-
ear increase of capacitance. The slope τ increases at ≈ 55 ◦C from 6×10−10 Fcm−2 ◦C−1
to 1 × 10−9 Fcm−2 ◦C−1 for 10 nm oxide thickness. Other thicknesses show a similar
change in τ at the same temperature (Figure 7.7b)). The positive values for τ are
contrary to incipient ferroelectrics above the Curie temperature according to Barret’s
formula [28]. Nevertheless Blonkowski et al. [64] revealed a linear increase of capacitance
for amorphous SrTiO3. Some literature suggests a trap related reason for SrTiO3 capac-
itors, because they observed a reduction of τ with annealing the samples in N+ plasma
[185]. In Ref. [59], a microscopic model for the temperature dependence of C(V ) has been
developed. The increase in ionic or dipolar polarization appears due to the interaction
with the nearest neighbors. The assumption is there that the permanent moment of the
molecules increases linearly with temperature. This results in an temperature increase
of capacitance. This model had been applied to amorphous Al2O3 capacitors [58].
As result, the capacitance of amorphous CaTiO3 increases with increasing the tempera-
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Figure 7.8: Impedance spectroscopy measurements at 0 V of 18 nm CaTiO3 capacitors at dif-
ferent annealing temperatures. The increasing annealing temperatures result in
increasing capacitance densities or k-values due to change from amorphous to
crystalline layer structure. The measured capacitance reveals a small decrease up
to 1 MHz for all samples.
ture. Comparable effects have been observed for amorphous SrTiO3 capacitors and other
oxides in literature. The assignment of the temperature increase to changes of local
polarization effects hints towards an intrinsic property of CaTiO3.
7.2.4 Frequency dependence of CaTiO3 capacitance
Measuring the frequency dependence of capacitors reveal influences of defect contribu-
tions in the dielectric, like oxygen vacancies, contributing to the measured capacitance
and the dielectric loss [82, 190]. It further allows statements about radio frequency (RF)
performance and processing conditions of the deposited films [191, 192]. The measure-
ment of capacitance in the frequency range between 40 Hz and up to 110 Mhz at 0 V
allows the RF characterization of CaTiO3MIM capacitors. The measurement was done
with an impedance analyzer (HP LCR 4294A). The results for a sample with constant
thickness and different annealing temperatures are shown in Figure 7.8. Three parts
of one amorphous sample have been annealed at different temperatures (450◦C, 550◦C
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and 650◦C). The different annealing temperatures induce different degrees of crystallinity
from the amorphous to full crystalline CaTiO3 layer in the capacitor stack. The different
degrees of crystallinity result in different capacitance and therefore different k-values at
a certain frequency. The frequency dependence for all samples is similar and shows a
small decrease in capacitance for increasing frequencies up to 1 MHz. A large decrease
of capacitance with an increase in the dissipation factor above 1 Mhz is due to the in-
creasing contribution of the serial resistance from the used setup and is disregarded in
the following discussion.









with XC as the capacitive reactance, f as the frequency and C as the real capacitance.
The small decrease in capacitance with increasing frequency in Figure 7.8 indicate that
the frequency dependence of a CaTiO3 capacitor does not fit to the one of an ideal
capacitor. To specify the difference, a simple derivation from the ideal linear dependence





with (−1 ≤ φ ≤ 1) (7.8)
This model uses the principle of a constant phase element which produces an impedance
having a constant phase angle θ = (π/2)φ in the complex plane [193]. For fitting, the
program LEVM1 has been used. As result for the CaTiO3 capacitors from Figure 7.8, all
the angles were θ = 89◦. The values are constant for all different states of crystallinity,
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7.3 Leakage currents in CaTiO3 capacitors
The investigation of leakage currents is fundamental to understand the performance of
devices based on thin film capacitors, as described in detail in the Fundamentals (Section
2.4) and in the Preparation and Methods Chapter 3.1. The main goal of capacitor re-
search, especially for metal-insulator-metal capacitors aiming DRAM applications, is the
reduction of leakage currents with the optimal compromise between oxide layer thickness
(and therefore capacitance density) and the leakage current limit at a chosen operation
voltage (typically 1 V). The optimization of these capacitors with the highest achievable
capacitance density at target leakage currents below 1 × 10−7 A/cm2 at 1 V (ITRS road
map [184]) are an important scope of this work and will be addressed here. The investiga-
tion of leakage currents in metal-insulator-metal capacitors made of CaTiO3 is presented
in the following order:
1. The influence of various electrodes on the conduction behavior of CaTiO3 is inves-
tigated.
2. The thickness variation dependence of CaTiO3 in the capacitor stack will be ob-
served.
3. Temperature dependent I(V ) measurements are done to analyze the leakage mech-
anisms with respect to their temperature dependence. To improve the leakage
currents of CaTiO3 capacitors, an investigation of the conduction mechanism of
CaTiO3 capacitors is necessary.
4. The influence of semicrystalline CaTiO3 (Chapter 6) on the conduction behavior
in the capacitor is shown in detail.
7.3.1 The influence of different electrodes
The physical properties of electrodes, like work function and surface roughness, are es-
sential for leakage current characteristics of any capacitor. High band gap oxides, like
SiO2 and Al2O3 do not depend on the work function of the used electrode material,
because the conduction and valence band offset between the electrode and the oxide is
sufficiently high to exclude any thermionic emission of charge carriers as an origin for
leakage current [194]. In contrast, high-k materials with their comparatively low band
gaps [47] need suitable electrodes with sufficiently high work function. Titanium nitride
is a commonly used electrode material with a work function of 4.6-4.8 eV (see Section
2.2) for state-of-the-art capacitor applications with ZrO2 or HfO2 as high-k oxides [2].
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Figure 7.9: Leakage current as a function of voltage for different bottom and top electrode
materials. a) Amorphous CaTiO3 layers (30 nm thickness) have been deposited
on top of comparatively rough electrodes with a Ru top electrode. b) Samples
with TiN top electrode and amorphous CaTiO3 (14.5 nm thickness) have been
deposited on temperature stable electrodes including carbon.
To prepare capacitors with materials exhibiting a permittivity above 50, electrode ma-
terials with even higher work functions, e.g. noble metals, may be necessary to ensure
a sufficient band offset above 1 eV [47]. The high costs for these materials, besides inte-
gration factors, has hindered their use in device applications. The leakage behavior of
CaTiO3 with its moderate band gap of 4.0 eV and the high permittivity of up to 186 in
bulk crystalline material promises to be a good compromise and will be discussed in the
following on different electrodes.
Results for leakage currents of amorphous CaTiO3 on various bottom electrodes are
shown in Figure 7.9. In Figure 7.9 a), leakage currents for capacitors with a 30 nm thick
CaTiO3 layer on top of TiN, Ru and Pt bottom electrodes have been measured. A Ru
top electrode was used for all samples. Figure 7.9 b) shows leakage currents in capacitors
with 14.5 nm CaTiO3 thickness deposited on temperature stable C, TiN and Pt bottom
electrodes with a TiN top electrode. All electrode substrates have been prepared prior to
deposition of CaTiO3 as described in Chapter 4. In Figure 7.9 a), the sample with TiN
bottom electrode exhibits the highest leakage current compared to Ru and Pt electrodes
for positive voltages applied to the top electrode. Both high work function materials Ru
and Pt show comparable leakage currents, thus the barrier height towards CaTiO3 is suf-
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ficient to suppress thermionic emission. Therefore bulk dependent defects are responsible
for the main part of conduction in these samples. TiN and Ru exhibit a comparable work
function (Section 2.2), the different leakage currents may be a sign of surface oxidation
during the sputter deposition process of CaTiO3 [195, 196]. This would be beneficial for
the Ru surface (Ru transforms to RuO2) and adverse for the TiN surface (TiN transforms
to TiONx)2. However, other effects may also be responsible for the increase in leakage
current, e.g. an increase of electrode roughness or interface trap density. Ru has been
further neglected as electrode material due to the tendency to form unfavorable RuOx
at higher temperatures (see Section 4.1.2). Figure 7.9 b) shows leakage currents of ca-
pacitors with bottom and top electrodes stable at high annealing temperatures. Here,
CaTiO3 samples with TiN and Pt bottom electrode show comparable low leakage cur-
rents. The result can be explained by either a comparable barrier height between the
bottom electrode and CaTiO3 or a bulk dependent conduction process (e.g. Schottky
emission). Obviously, the sample with carbon electrode exhibits a significantly higher
leakage current, although the work function of carbon should be similar to the one of
TiN. The differences may be explained by the surface oxidation of TiN as mentioned
previously or carbon produces various interface defects with an effective reduction of the
barrier height.
Although all samples possess the same TiN top electrode, all samples show different leak-
age currents for negative voltages. That can not be explained by surface roughness, hole
conduction or barrier dependent conduction processes. The wet etching process of the
TiN structuring may be responsible for the differences, as the capacitors with C and Pt
bottom electrode lack of mechanical stability. This stability increases after annealing,
visible in equal or lower leakage currents shown later in Figure 7.10 a). Nevertheless,
as the leakage current at negative voltage follows the trend for the current at positive
voltage, an influence of the electrodes on CaTiO3 is expected to be independent of the
barrier height.
Additionally, the use of Ru or TiN as both top and bottom electrode leads to asym-
metric leakage currents for bottom and top electron injection. For Ru, the leakage
current is higher, when negative voltage is applied to the top electrode. For TiN as
top electrode, the leakage current is lower for top electrode electron injection. This
asymmetry has been reported for various stacks in literature, like Pt/SrTiO3/Pt [147],
TaN/SrTiO3/TaN stacks [185], RuO2/TiO2/RuO2 [197], Ru/TiO2/Ru [49] and TiN/
2RuO2 has a higher work function compared to Ru, which is beneficial for the reduction of leakage
currents. For TiN electrode, the oxidation forms a lower k dielectric, which may be beneficial due to
a thicker effective dielectric and higher band offset, but a reduction of capacitance density is most
likely.
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Zr1−xAlxO2/TiN [113, 198]. Influence of the top electrode etching process can be ex-
cluded in this work due to the analysis of capacitors with different areas/parameters
(Section 3.1), which should reveal any size dependent current behavior. Therefore, the
asymmetry of leakage currents implies a difference in the top electrode/CaTiO3 and
CaTiO3/bottom electrode interfaces. In Ref. [113], the asymmetry is the result of an ox-
idation of the TiN bottom electrode during deposition of ZrO2. There, the top electrode
does not show signs of oxidation, because the top electrode was made by depositing TiN
on ZrO2 without oxygen containing atmosphere. In this work, an interface formation
can also appear for the sputter deposition of CaTiO3 on top of Ru bottom electrode
with an interfacial oxidation of Ru forming RuO2. With the higher work function of
RuO2 and corresponding higher band offset, less electrons may be injected through the
bottom electrode into CaTiO3. While even the thinnest interface layer for both bottom
electrode and top electrode can never be excluded, hints of an interfacial RuO2 layer at
the electrode/CaTiO3 interface has been observed in TEM images, e.g. Figure 6.1).
The difference in leakage currents may further be assigned to different roughnesses of
both bottom electrodes [199]. The influence of electrode roughness on leakage currents
had been investigated in literature via simulations [69] and experimentally [200]. With
increased roughness of the electrode-dielectric interface, the higher local field enhance-
ment results in a large leakage current. In order to systematically investigate the effect
of roughness, a bottom electrode material with a work function comparable to TiN and a
significantly lower roughness has been searched for. Pyrolytically deposited carbon elec-
trodes were chosen as they exhibit the lowest roughness of all electrodes (Section 4.2).
As shown in Figure 7.9 b), the roughness may not necessarily play an important role
in the observed leakage currents, because samples with carbon exhibit an even higher
leakage current compared to TiN.
Kim et al. [201] stated for RuOx/SrTiO3/TiN capacitors, that the conduction in SrTiO3
is driven by trap-assisted tunneling (TAT) along oxygen vacancies VO. The asymmetric
distribution of VO near the top electrode and the bottom surfaces is than responsible
for the asymmetric leakage currents. This group also reported that the leakage current
through SrTiO3 is controlled by TAT with the same barrier height of 1.5 eV between the
Fermi level of TiN or RuOx to the conduction band of SrTiO3 regardless of the metal
work function due to strong Fermi level pinning. This TAT conduction would explain
the increase of leakage current in CaTiO3 at negative voltages for TiN top electrode and
electrodes with different work function materials. A significant reduction of the leakage
current at positive and negative voltages is therefore possible by lowering the amount of
initial oxygen vacancies [201, 202].
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Figure 7.10: Leakage currents for annealed CaTiO3 capacitors with optimized electrodes as
a function of voltage. a) The capacitors with TiN/Pt and C bottom electrode
(annealed at 650◦C) are temperature stable (low increase in roughness, negligible
interface/oxide formation) and exhibit a significant increase in permittivity. b)
Capacitors with TiN bottom electrode exhibit a decrease of permittivity after
annealing to a value of 20.
The temperature stable electrodes allowed a post-deposition anneal of the capacitors
containing amorphous CaTiO3. The leakage current of capacitors with those optimized
electrodes and a CaTiO3 thickness of 16 nm are shown in Figure 7.10 a). The cur-
rents differ for Pt and C electrode with an otherwise comparable capacitance of approx.
4 × 10−6 F/cm2 for a crystalline CaTiO3 layer. The differences in leakage currents be-
tween C and Pt electrodes at positive voltages can again be attributed to the different
work functions. And the differences in leakage currents for negative voltages hint again
to an intrinsic influence of the electrode to CaTiO3. Samples with TiN bottom electrode
exhibit an increased leakage current after anneal (Figure 7.10 b)). The measured ca-
pacitance density of these samples show low values comparable to the one in amorphous
samples even after an annealing temperature of 700◦C for 1 min in Nitrogen atmosphere.
This and a positive quadratic voltage dependence of capacitance hint, that the CaTiO3
layer is still amorphous or a large low-k interface layer is present. Therefore, investiga-
tions on crystalline CaTiO3 samples where further done on samples with carbon and Pt
bottom electrode.
To conclude the influence of different electrodes to the conduction behavior of CaTiO3,
the measurements show the lowest leakage current for capacitors containing amorphous
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CaTiO3 and a TiN or TiN/Pt bottom electrode with TiN top electrode. Capacitors with
crystalline CaTiO3 exhibit a leakage current of 1 × 10−7A/cm2 at 1 V for the samples
with TiN/Pt bottom electrode together with a high permittivity. Samples with carbon
electrode exhibit a high leakage current at large electric fields. Nevertheless, the excel-
lent permittivity for those samples allows a reduction of leakage current within thicker
CaTiO3 layers, still matching the permittivity vs. leakage current requirements of the
ITRS road map. It is also known, that introducing oxygen to the deposition or annealing
process can reduce the defect density and therefore the leakage current to several orders of
magnitude. The asymmetric distribution of oxygen vacancies near the top electrode and
the bottom surfaces is supposed to be responsible for the asymmetric leakage currents
for samples with the same bottom and top electrode.
7.3.2 Thickness dependence of leakage currents
The thickness dependent capacitance in CaTiO3 MIM capacitors has been investigated
with various electrodes and electrode arrangements (TiN, Ru, Pt, C) previously in Fig-
ure 6.6 and Figure 7.1. There, the capacitance is inversely proportional to the thickness
for amorphous and crystalline CaTiO3 capacitors. An influence of the interface to the
capacitor’s permittivity has not been observed in the thickness range of the investigated
capacitors.
For leakage current measurements without an influence of the electrode/oxide interface,
the leakage current should decrease with increasing the CaTiO3 thickness. With normal-
izing the leakage current to thickness for different voltages, namely applying a similar
electric field to the capacitor, the leakage current vs. electric field should be identical.
In Figure 7.11, the dependence of leakage current vs. the square root of the applied field
for semicrystalline CaTiO3 is presented. The I(V ) data has been previously published in
Ref. [175] for the case of semicrystalline samples. There, the leakage current decreases
significantly, when going from thin 10 nm to 30 nm oxide layers. The current reaches
the resolution limit of the measurement unit at low voltages/applied fields. No thickness
dependent behavior can be extracted below that limit. Above the resolution limit, the
leakage current for the same electric field is identical for all different thicknesses and
is not showing any field dependence. The mechanism valid for this conduction can be
the Poole-Frenkel emission or tunneling into the conduction band. Other amorphous or
crystalline CaTiO3 thickness series’ show comparable results.
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Figure 7.11: Leakage currents of various thicknesses of semi-crystalline CaTiO3 capacitors
with Pt bottom an Ru top electrode deposited at 550 ◦C as a square root func-
tion of the applied electrical field. The leakage currents decrease with increasing
thickness. In this plot, the different leakage currents are identical for differ-
ent thicknesses, proving the same field dependence. The linear increase for the
three thicknesses in this plot can be attributed to the Poole-Frenkel conduction
mechanism in semicrystalline samples.
7.3.3 Temperature dependence of leakage currents
As mentioned briefly in the previous text, temperature dependent current voltage (IVT)
measurements allow the differentiation of single leakage current mechanisms. This is
possible due to the different dependence of the single current transport models from
temperature and voltage. The knowledge of these models allows an understanding and
further optimization of capacitors containing CaTiO3. The equations for various con-
duction models are presented in Section 2.4. The extraction of barrier heights for the
different conduction mechanisms out of IVT measurements is explained in detail in Ap-
pendix B.
Because temperature dependent I(V ) measurements are done manually, the experimen-
tal implementation is different to previously shown semi-automatic measurements and
needs ’special’ precautions. The settings for the most reliable extraction are briefly as
follows:
• A first manual I(V ) measurement is done on a single capacitor. The reliability of
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Figure 7.12: Temperature dependent I(V ) characteristics for amorphous CaTiO3 on TiN and
Pt electrode with 16 nm oxide thickness (Tdep = 350◦ C). The leakage current is
higher for the TiN electrode compared to the Pt electrode. a) The sample with
Pt electrode shows a more complex temperature dependence, indicating a change
of conduction mechanism at 2 V. The leakage behavior for high temperatures in
both samples is similar.
this single measurement has been tested on several capacitors on the same sample.
• The capacitor size is selected to ensure a measurement in the maximum possible
voltage and temperature range with currents above the current resolution limit and
below the compliance level of the measurement device.
• The sample is heated to the highest measurement temperature in a constant Nitro-
gen flow to desorb water from the surface. This prevents water condensation and
the formation of ice crystals, when going to low temperatures below 0 ◦C.
• Next, measurements on a different capacitor are done at high temperatures, allow-
ing the extraction of the maximum possible voltage (10-20% below the breakdown
voltage).
• The measurement is done from high to low temperature.
• Due to the movement of the chuck, the capacitor’s top contact has to be reset for
every different temperature to ensure a good electrical contact.
• The delay time between ever voltage step has been set to 5 s in every measurement.
The temperature measurements are typically done between -40 ◦C and 120 ◦C. This range
shall allow a separation and verification of typical conduction mechanisms in the samples.
In Figure 7.12, IVT measurements for both Pt and TiN bottom electrode point out the
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Figure 7.13: Arrhenius plots from Figure 7.12 for amorphous CaTiO3 on Pt and TiN bottom
electrode. The curvature is typical for IVT measurements with CaTiO3 capac-
itors. For low temperatures, the gradient is strongly reduced (no temperature
dependence) equally for small to high voltages. The gradient for high temper-
atures is increased significantly and show a strong voltage dependence. The
highest gradient is extracted for high voltages and high temperatures.
typical behavior of CaTiO3 capacitors. The samples have been deposited simultaneously
at Tdep = 350◦C with a CaTiO3 thickness of 16 nm. Both bottom electrodes have been
selected due to the observation of at least two conduction mechanism changes in cur-
rent for the applied voltage ranges. The curvatures are not convex, as it should be for
single mechanisms e.g. thermionic emission and Poole-Frenkel conduction (they have a
∝ exp(−
√
V ) dependence, which follow a convex curvature in the semi-log plot). Tun-
neling follows a ∝ exp(−1/V ) curvature. The concave behavior indicates a superposition
of at least two mechanisms.
To distinguish between the different mechanisms involved, the leakage currents for the
TiN and Pt electrodes used are plotted in dependence of temperature. The Arrhenius
plots in Figure 7.13 show an at least quadratic shape for different temperatures for both
electrodes. No single conduction mechanism can be derived out of the graph, because no
constant slope is extractable in the measured temperature range. This curvature implies
that at least two conduction mechanisms are contributing to the overall leakage current.
Therefore, an estimation of involved conduction mechanisms is done using the boundary
data points for the extraction of gradients (low temperature and high temperature re-
gion).
In various literature, Arrhenius plots with non-linear curvature had been observed previ-
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ously, e.g. for Si3N4 MIM capacitors [203, 204, 205] or Ta2O5 [206]. Although the applied
temperature range more than 100 K for both TiN and Pt bottom electrode, no sign of any
linear dependence give a hint towards the contribution of more than two mechanisms.
For low temperatures (largest 1/kBT ), the gradient strongly diminishes and is constant
for different voltages. The extracted gradient for TiN and Pt bottom electrodes lies at
approx. 0.1 eV. This hints towards a temperature independent leakage current mecha-
nism, namely tunneling. Different to low temperatures, the gradient in the Arrhenius
plots is much larger at high temperature and increases with applied voltage. This im-
plies a temperature activated leakage current mechanism, for example Poole-Frenkel or
thermionic emission.
Additionally, from the Arrhenius plots Figure in 7.13, it is possible to extract the volt-
age dependent activation energies EA(V ) from the slope of the leakage currents at the
boundaries at high and low temperatures. This extraction is demonstrated for a single
conduction mechanism in the Appendix B. As it is shown here or in Figure 2, the ac-
tivation energies vary with voltage at a specific temperature. An extrapolation of the
EA(V ) function to zero voltage (Equation (7.9)) results in the barrier height φB of the
temperature dependent conduction mechanism according to Equation (7.9).
ln I ∝ −EA(V ) ×
1
kBT
EA(V = 0) = φB (7.9)
For the different temperatures, the activation energies EA(V ) for both Pt and TiN elec-
trodes are plotted versus voltage in Figure 7.14. For high temperatures, the change in
EA with voltage is much more pronounced compared to EA of lower temperatures. The
higher temperature might activate temperature dependent emission of electrons from
traps in CaTiO3. This process is suppressed at temperatures below 20 ◦C in Figure 7.13.
The barrier heights are extracted with extrapolation to zero voltage (Equation (7.9)).
An interpretation of the different barrier heights is rather difficult. Deeper traps between
0.8-1.2 eV have been related to oxygen deficiency (e.g. Ref. [75]), while barrier heights
of 0.4-0.6 eV have been related to structural defects in the amorphous oxide. Both ex-
planations are reasonable for the extracted barrier heights of the TiN or Pt containing
capacitor stack in Figure 7.14.
An even more complex behavior for temperature dependent leakage current measure-
ments is shown in Figure 7.15 for another capacitor stack containing Pt as electrode.
The amorphous CaTiO3 layer with a thickness of 11 nm has been deposited at 450 ◦C. To
accomplish a reduced defect concentration in the oxide, the higher deposition tempera-
ture compared to the previous examples should result in a reduced defect concentration
104
7.3 Leakage currents in CaTiO3 capacitors
(a) Pt








































Figure 7.14: Activation energy as a function of voltage extracted from the data of Figure 7.13
for amorphous CaTiO3 on Pt and TiN bottom electrode. The activation energies
for low temperatures are close to zero and show a minor dependence on voltage,
while high temperature activation energies exhibit a strong voltage dependence.
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Figure 7.15: Temperature dependent I(V ) measurement (IVT) of 11 nm amorphous CaTiO3
in a Pt/CaTiO3/TiN capacitor (Tdep = 450 ◦C). a) The IVT measurement reveals
a rather complex curvature with at least 3 conduction mechanisms involved. b)
The Arrhenius plot deduced from data of a) shows two regions with voltage
independent activation energy (red lines). These are divided by transition regions
(marked net). At high voltages and temperatures, the current saturates (gradient
of -0.26 eV).
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and therefore less defect driven conduction. Nevertheless, at least three different conduc-
tion mechanisms can be attributed to the curvature following a convex-concave-convex
transition (I(V ) at 60 ◦C) in Figure 7.15. For high temperatures and high voltages, an
ohmic behavior independent of voltage and temperature is expected according to Ref.
[70]. At low temperatures, the I(V ) curvature implies a square root dependence from
voltage.
The Arrhenius plot in Figure 7.15b) underlines the ohmic behavior with no voltage depen-
dence at high temperature and high voltage (gradient of -0.26 eV). At low temperatures,
a barrier height φB of 0.2 eV can be extracted from the constant slopes in the Arrhenius
plot. This low barrier height for low temperatures has been attributed in literature to a
tunnel-assisted transfer between neighboring trap centers [207]. The mid region part of
the Arrhenius plot reveals an activation energy or barrier height of about 1 eV, typically
assigned to ionic polarization [207] and/or oxygen vacancy traps in the oxide. The linear
slopes in the Arrhenius plot for low temperatures suggest a Poole-Frenkel conduction.
Because the Poole-Frenkel conduction is temperature dependent, a Poole-Frenkel emis-
sion process especially at low temeperatures seems to be unlikely.
A different part of the same sample has been crystallized at 600◦C and measured tem-
perature dependent (Figure 7.16). The CaTiO3 is known to be completely crystallized
from capacitance measurements (e.g. in Figure 7.6) as well as TEM pictures (e.g. Fig-
ure 6.3). The complex leakage current behavior for the amorphous CaTiO3 capacitor in
Figure 7.15 has been significantly simplified. The Arrhenius plot shows a linear slope
proportional to the inverse temperature (Figure 7.16a)). In contrast to the amorphous
sample, this allows the extraction of the voltage dependent activation energy. The EA
dependence on the voltage is shown in Figure 7.16b). For low voltages, the extrapolation
to zero voltage results in EA(0) = ΦB =(0.75-0.85) eV. The extraction of barrier height
is equal for capacitors measured in different temperature regions as well as positive and
negative voltages. Due to the asymmetric electrode arrangement in the MIM capacitor
stack with Pt as bottom electrode and TiN as top electrode, the constant barrier height
can be assigned as an intrinsic property of crystalline CaTiO3 , namely the trap depth
of 0.8 eV for Poole-Frenkel emission of electrons. This trap energy has been assigned to
oxygen deficiencies in HfO2 in literature [75].
Summarizing the previous results of temperature dependent leakage currents on CaTiO3
capacitors, no specific conduction mechanism can be assigned with apodeictic certainty.
In ultrathin amorphous CaTiO3 capacitors, several conduction mechanisms contribute to
the overall leakage currents. It is obvious, that amorphous layers of sputtered CaTiO3
contain various defects and therefore defect driven processes are responsible. The assump-
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Figure 7.16: Temperature dependent I(V ) measurement of 11 nm crystalline CaTiO3 in a
Pt/CaTiO3/TiN capacitor (Tan = 600 ◦C). a) The Arrhenius plot shows a linear
dependence with inverse temperature. The measured temperature range for the
capacitor is -20 - 80 ◦C and injection of electrons from the Pt electrode. b)
Extracted slope from a) as activation energy with results from measurements of
different capacitors and temperature regions and voltages. Extrapolation to zero
voltage reveals a barrier height of ΦB ≈ 0.8 eV for all capacitors within the same
stack.
tion of a single trap level in the conduction process may be replaced by a distribution of
trap levels. Or an interaction of traps may occur [208]. Furthermore, the non-linearity
can be the result of a transition at high fields to trap assisted tunneling, at low fields to
hopping conduction and at high fields and low temperature to Fowler-Nordheim conduc-
tion [209]. All these assumptions can be valid for the conduction process in amorphous
CaTiO3. For crystalline CaTiO3 capacitors, the conduction process shows a linear de-
pendence with (inverse) temperature. Only one conduction mechanism is the dominant
process responsible for this leakage current. The extracted barrier height is ΦB ≈ 0.8 eV.
This is a typical value, when oxygen vacancies are present in the dielectric. Therefore,
further steps to improve the leakage current of crystalline CaTiO3 should include pro-
cesses to reduce the defect density, i.e. by the introduction of oxygen during deposition
to reduce the oxygen deficiency.
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Figure 7.17: Temperature dependence of relaxation currents in a capacitor with 30 nm crys-
talline CaTiO3. The layer has been deposited at 600◦C on top of a carbon
electrode. The slopes vary minimally around the ideal Curie-von Schweidler
power law behavior (t−1) (blue line).
7.4 Relaxation
Despite the measurement of leakage currents in CaTiO3 capacitors, relaxation currents
are always present in a dielectric (Section 2.5). All leakage currents measured previously
are done with a delay time of 5 s between each measurement step to reduce the influence
of these relaxation currents. In Figure 7.17, the current decay versus time is shown
for different temperatures on a crystalline capacitor with a 30 nm thick CaTiO3 layer.
All currents follow the Curie-von Schweidler law with slopes in the order of minus one.
The slight temperature dependence of the magnitude of the relaxation currents indicates













































Figure 7.18: Electrical results for thickness series. On Pt electrode, the k-value of 55 is ex-
tracted up to a thickness of 30 nm (Figure 7.19a-d)). The further increase to
104 indicates a partial crystallization of the capacitor on thinner layers. The
corresponding leakage currents reveal a reduction of currents for layers up to
30 nm and an unexpected significant increase for thicker layers.
(e)
Figure 7.19: Various crystal states of CaTiO3 and the preferential growth of isolated crys-
talline CaTiO3. a-d) show the various crystal states in a CaTiO3 capacitor stack.
a,b) show the fully crystalline state for thick CaTiO3 layers without and with
an order correlation to the underlying electrode. c,d) depicts the crystallization
state for thin CaTiO3 layers. c) The crystallization is prevented in the thin oxide
due to the increase of crystallization temperature after Equation (6.1) (Chapter
6). d) With preferential growth on specifically ordered Pt electrodes, isolated
crystals grow in an otherwise amorphous matrix. e) The TEM micrograph shows
an isolated CaTiO3 crystal in an amorphous matrix.
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7.5 Optimized capacitance and leakage using
semicrystalline samples
It has been shown in the previous chapter, that with the increase of deposition temper-
ature to 550 ◦C, CaTiO3 starts to crystallize. The permittivity of different capacitors
on a Pt bottom electrode increased to a value of k above 50. In order to study this
in detail, a thickness series for Pt electrodes at the deposition temperature of 550 ◦C
was investigated, while all other deposition conditions are kept constant (Figure 6.6). In
Figure 7.18a), a total thickness versus CET plot is used to depict the development of
permittivity with the thickness. The k-value can be extracted from the slope of a linear
fit for several data points. Layers between 10-30 nm thickness show a constant k-value
of 55, while for thicker samples, the k-value increases up to 105. From TEM images (e.g.
Figure 6.7), the lower permittivities can be associated to a partial crystallization of the
thinner samples. According to Figure 7.18a), the constant slope indicates a constant k-
value and therefore a constant degree of crystallinity for the thin samples. The intercept
of the linear fit at a CET of 0.25±0.18 nm corresponds to a negligible interfacial layer
between the CaTiO3 and the bottom electrode. This result completes the results from
amorphous layers in Figure 7.1 for semicrystalline samples.
In Figure 7.18b), the corresponding leakage currents for CaTiO3 layers deposited at
550 ◦C with different layer thicknesses are plotted. Low leakage currents comparable to
amorphous layers (e.g. Figure 7.9) are shown for the samples between 15 nm (2.0 × 107
A/cm2 @1V) and 30 nm (3.57 × 108A/cm2 @1V) layer thickness. According to a Poole-
Frenkel plot in Figure 7.11, the leakage current here can be assigned to Poole-Frenkel
(PF) conduction. Unexpectedly high leakage currents are measured for samples with a
layer thickness above 30 nm even for low voltages. Trap assisted tunneling along many
defect states at grain boundaries is suggested to be the major leakage mechanism. The
strong increase in leakage current for the 10 nm sample can be attributed to the rough
surface of the bottom electrode of the thinnest film.
The increase of crystallinity correlates well with the increase in leakage current for the
thicker samples. For the 10-30 nm thick layers, the k-value of 55 is a result of a small
number of crystallites with a high k-value embedded in an amorphous layer with a smaller
k of 26. The constant k-value of 55 implies a constant degree of crystallinity with chang-
ing the oxide thickness up to 30 nm. Distinctly, the leakage currents are comparable to
amorphous samples. The degree of crystallization observed in Figure 7.18 is sketched in
Figure 7.19a-d), where the layer develops from isolated CaTiO3 crystals (Figure 7.19 d))
to a fully crystallized CaTiO3 stack (Figure 7.19 b)). This result strongly suggests, that
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the grain boundaries as main leakage paths [86, 87] of the isolated crystallites are passi-
vated by the amorphous matrix, as it has been shown for other materials by Heitmann et
al. [211]. In Figure 7.19e), a single CaTiO3 crystallite in an otherwise amorphous matrix
is shown. The reasons for the preferential growth of the crystallites have been discussed
extensively in Chapter 6.
The higher conduction through layers with higher degree of crystallinity has been at-
tributed to the conduction along grain boundaries (sketched electrons in Figure 7.19 a)
and b) ). Planar faults in the CaTiO3 crystals due to stoichiometric variations have
not been observed in TEM micrographs (e.g. Figure 6.2) as shown by Gu and Ceh
[212], resulting in an increase of leakage current through the crystallites. This implies
that the formed CaTiO3 crystals reach the perovskite stoichiometry locally. The cur-
rent conduction through a single crystallite is limited to structural defects, vacancies,
or grain boundaries. With these restrictions, leakage current discrepancies between thin
and thick oxide layers can be primarily attributed to a large increase in the number of
grain boundaries for layer thicknesses above 30 nm without passivation by an amorphous
matrix. This leads to a much higher number of leakages paths along grain boundaries
[86, 87]. As a result, with oxide thicknesses greater than 30 nm, leakage current increases
significantly.
The results presented in this section (published in Ref. [175]) allow to search and investi-
gate samples with partially crystalline CaTiO3 in an amorphous matrix. The preparation
process is depicted schematically in Figure 7.20. Annealing the samples after deposition
may simplify the search for capacitors with partially crystallized CaTiO3 layers.
7.6 Conclusion
In this chapter, the electrical properties of amorphous and crystalline CaTiO3 capaci-
tors have been investigated in detail. The experiments reveal the properties of CaTiO3
dependent on preparation variations and different electrodes. The capacitance voltage
measurements showed k-values of about 100 for crystalline layers even for the thinnest
prepared layers with 10 nm thickness. Between both the amorphous and the fully crys-
talline states exist a variety of crystal states with partially crystallized CaTiO3. The
reason for the appearance of the intermediate state has been investigated physically in
the previous chapter and their influence to leakage currents is discussed here extensively.
A non-linear voltage dependence of capacitance, which is immanent for perovskites with
high permittivity. These non-linearities of CaTiO3 have been depicted in detail, espe-
cially the quadratic VCC. The dependence of the quadratic VCC has been evaluated for
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Figure 7.20: Scheme for preparation of semi-crystalline CaTiO3 samples. The electric mea-
surement is necessary to evaluate the permittivity of the CaTiO3 layer. XRD
measurements are incapable of extracting crystal CaTiO3 peaks due to low crys-
tal density and texturing of the oxide. Other electrodes have been tested, but
only the use of Pt electrodes CaTiO3 shows the semi-crystal state.
different temperatures, electrodes, frequencies and thicknesses. The quadratic VCC of
CaTiO3 is insignificantly small compared to values for SrTiO3 and BaTiO3 as competing
high-k materials. Even at high electric fields of 1 MV/cm, the drop of CaTiO3 permittiv-
ity is very low compared to values from literature [56]. Nevertheless, the VCC of CaTiO3
is significantly larger than the limits (< 100ppm/V 2) necessary for the integration in RF
devices. Various methods are available to further reduce the VCC to reach the required
limits, like oxygen vacancy reduction or the introduction of bilayers. The leakage currents
for the prepared capacitors, summarized in Figure 7.21, reveal challenging properties to
fulfill the requirements for dielectrics of future DRAM capacitors [184]. The thinnest
layers prepared with a CET of 0.49 nm show leakages currents of 6.11 × 10−7 A/cm2 at
1 V (Figure 7.21). CaTiO3 samples with a CET of 0.75 nm and a leakage current below
1 × 10−8 A/cm2 at 1 V were shown. The advantage of the high band gap of 4.0 eV from
low energy EELS measurements in Chapter 5.3 allows the use of capacitors with TiN
and carbon electrodes. With carbon as bottom electrode, the capacitors show leakage
currents of 6.8 × 10−9 A/cm2 with a CET of 1.13 nm, mainly due to the superior low
roughness and stability of the carbon layer.
In these experiments, no process to reduce the oxygen deficiency of the CaTiO3 layers
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Figure 7.21: Overview of leakage currents versus CET of crystalline CaTiO3 capacitors. Im-
provements to electrode roughness and deposition process allow leakage currents
below 1 × 10−7A/cm2 for crystalline CaTiO3 capacitors.
was applied. For crystalline samples, a defect depth of 0.8 eV attributed to oxygen vacan-
cies could be extracted. An addition of oxygen during the deposition of CaTiO3 could
further reduce the defect density and with this the contribution of Poole-Frenkel emission
or other trap related conduction processes to the overall leakage current.
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8 Summary and Conclusion
This dissertation is an unprecedented investigation on the deposition, electrical charac-
terization and physical properties for nanometer thickness CaTiO3 high-k dielectrics in
charge-storage capacitors. Hereby the efforts rely on the development of capacitors that
fulfill the demands of the 2012 ITRS road map for DRAM capacitors for 2016 and be-
yond, enabling further downscaling of electronic devices with higher capacitance at low
power consumption. The requirements for DRAM are a CET of 0.50 nm (tphys = 7.7nm)
in 2016, a k-value of 70 till 2024 and a leakage current minimum of 1.079×10−7 A/cm2 at
0.6 V. These are stringent requirements that make the study of new materials in this field
challenging. Profound scientific studies are required to assess the potential of CaTiO3 for
future DRAM applications. This thesis encompasses the full process and development of
high temperature stable electrodes, the capacitor fabrication and characterization.
The CaTiO3 capacitors were deposited by sputtering in a customized UHV sputter sys-
tem, allowing high purity layers without the inclusion of carbon and other impurities
into the oxide. Using the connected metal chamber, the deposition of the whole ca-
pacitor stack without breaking the vacuum ensured the exclusion of adsorbents at the
interfaces. Various electrodes have been tested for suitability and stability during high
temperature depositions to achieve crystalline CaTiO3 layers. With this setup, ultrathin
CaTiO3 layers in a working capacitor stack were produced and studied both physically
and electrically to address the requirements in future electronic devices. A novel ap-
proach of reducing the leakage currents in CaTiO3 capacitors has been investigated,
where nanocrystals of CaTiO3 were surrounded by an amorphous CaTiO3 matrix. The
leakage currents match the values for amorphous layers by the passivation of grain bound-
aries with the advantage of an increased k-value compared to amorphous samples.
Deposition of temperature stable bottom electrodes
The bottom electrodes were designed to withstand the stringent requirements for the
complete stack and achieve the crystallization temperature of CaTiO3. These require-
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ments are the integrity and exceptionally low surface roughness, the absence of interfacial
layers detrimental to the overall capacity and suppression of intermixing upon CaTiO3
deposition. TiN as standard electrode material used in industry tends to oxidize during
deposition at temperatures above 400 ◦C hindering the use as bottom electrode. Pt as
electrode on the other hand requires a diffusion barrier to prevent the formation of Pt
silicides. While several approaches in literature use thick SiO2 or Al2O3 oxide layers as
barrier, they are not conductive and ultimately limit the scalability in a vertical capaci-
tor. To this end, TiN and RuO2 have been investigated as conductive barriers, TiN was
found to be the only electrode material that fits the requirements after high temperature
processes. Different to Pt electrode preparations in literature, in this work the Pt layers
have been optimized to a thickness of only 20 nm as Pt exhibits high material costs.
As alternative to Pt, a CVD grown pyrolytic carbon layer was found to be a suitable
temperature stable bottom electrode for achieving crystalline CaTiO3. It exhibits high
stability versus temperature and chemical reactions and can easily be structured by
oxygen etching steps. In literature, carbon had recently been introduced as conformal
electrode in DRAM trench capacitors showing its suitability to fit in industrial processes.
The convenient results in leakage currents of the CaTiO3 capacitor stacks indicate a suf-
ficient band offset of TiN and carbon electrodes to CaTiO3 at lower voltages. This may
allow the complete replacement of noble metal electrodes like Ru and Pt. Differences
in leakage currents between TiN and carbon have been attributed to the roughness of
these electrodes after the CaTiO3 deposition at elevated temperatures. Further improve-
ments to the temperature stability of electrodes may ultimately result in superior leakage
currents of thinnest CaTiO3 layers.
Physical characterization of CaTiO3 layers
To evaluate the electrical results of CaTiO3, intensive studies of physical properties of
CaTiO3 layers are necessary to classify the sputter deposition process. The sputtered
layers of CaTiO3 have been investigated regarding the optical properties using UV-vis
spectral ellipsometry. The values for refractive index and extinction coefficient are lower
compared to literature values of CaTiO3 bulk crystals due to lower density of sputtered
layers. The extracted band gap is 4.0-4.2 eV measured with ellipsometry and low-energy
electron energy-loss spectroscopy. The high purity CaTiO3 layers are accountable for the
larger band gap compared to literature values of CaTiO3. This is a distinct advantage
to achieve low leakage currents compared to SrTiO3 with a band gap of only 3.2-3.5 eV.
XPS measurements revealed the existence of adsorbents at the CaTiO3 surface corre-
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sponding to CaO, CaOH, CaCO3 formation. This result supports the hygroscopic nature
of CaTiO3 and a reaction with ambient gases. The in-situ deposition of the full ca-
pacitor stack is therefore a necessary step to achieve the maximum permittivity of pure
CaTiO3 films without the formation of any low-k interfaces. Stoichiometry measurements
with EELS and XPS revealed a Ca/Ti ratio of 1.0 for the sputtered layers. An oxygen
deficiency in the layers has been measured, however no significant influence to leakage
currents due to e.g. trap-band formation is visible.
The crystallization temperature is, besides the oxide thickness and the deposition/ an-
nealing temperature, influenced by the choice of substrate. With HTXRD measurements,
the crystallization temperature of amorphous CaTiO3 (30 nm) on Si substrates has been
determined to be 640 ◦C. A starting crystallization of CaTiO3 has been observed for sam-
ples with Pt as bottom electrode deposited at 550◦C and with rapid thermal annealing
at 600◦C .
Selected samples have been investigated with TEM to gain knowledge of the crystallinity
for maximum permittivity of CaTiO3 in thin films. The reason for intermediate values of
permittivity has been correlated to partially crystallized CaTiO3 layers. The formation
of crystallites is substantially influenced by the Pt bottom electrode. There is a preferen-
tial growth of CaTiO3 crystals on top of a Pt (111) surface resulting in isolated crystals
in an otherwise amorphous matrix. The influence of the isolated crystals on electrical
properties has been addressed in Ref. [175]. Going to higher deposition/annealing tem-
peratures and layer thicknesses, the layers become fully crystallized and the preferentially
oriented crystallites are overshadowed by the formation of unordered crystallites.
The use of electrodes which have a major deviation in lattice constants from CaTiO3
would result in strain induced to the dielectric lattice. Due to the good lattice match of
Pt towards CaTiO3, no lattice strain have been observed regarding this electrode. While
the influence of lattice strain towards leakage currents is not known, it may inhibit the
maximum permittivity of the overall CaTiO3 layer.
Electrical performance of CaTiO3 capacitors
With detailed physical analysis of the prepared CaTiO3 capacitor stacks, the influence to
electrical properties of amorphous and crystalline CaTiO3 capacitors has been intensively
investigated. With the used UHV sputter system, the contaminations of CaTiO3 have
been reduced to a minimum. The oxygen deficiency of the sputtered CaTiO3 layers do
not show to have an influence on the leakage currents (e.g. by trap band formation).
Nevertheless, the reduction of oxygen deficiencies in the CaTiO3 layers may further re-
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duce the leakage currents. Impedance spectroscopy measurements in the range of 40 Hz
to 100 MHz revealed no significant deviation of amorphous, partially and fully crystalline
CaTiO3 capacitors from an ideal capacitor. The relaxation currents in CaTiO3 capac-
itors follow the Curie-van Schweidler law similar to SrTiO3 and other high-k materials
investigated in literature. Together with the impedance measurements, the results show
the potential of ultrathin CaTiO3 layers in RF applications.
The capacitance voltage measurements showed k-values of about 100 for fully crystalline
layers even for the thinnest prepared layers with 11 nm thickness. The full evolution from
amorphous to crystalline CaTiO3 samples are summarized in Figure 8.1. Between both
amorphous and fully crystalline CaTiO3 layers, a variety of intermediate permittivities
exists. As known from TEM measurements, these intermediate permittivities are the
result of layers containing partially crystallized CaTiO3.



























 TiN / Pt (550-700°C)
semi crystalline
k ~ 55
Figure 8.1: CET as a function of layer thickness for different degrees of crystallinity and k-
value of CaTiO3 in various capacitor stacks. As a general trend, with the increase
of the deposition/annealing temperature, the permittivity increases from 25-30
for amorphous to ≈55 for semi-crystalline and ≈105 for fully crystalline CaTiO3
capacitors. Details can be found in Chapter 7.
Capacitance measurements reveal a non-linear voltage dependence of capacitance, im-
manent for perovskites with high permittivities. The values and dependence of these
non-linearities of CaTiO3 have been described in detail, namely the quadratic voltage
capacitance coefficient (VCC). The dependence of the quadratic VCC has been shown
for different temperatures, electrodes and thicknesses. The quadratic VCC is signifi-
cantly lower compared to thin film capacitors containing SrTiO3 and BaxSr1−xTiO3 as
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competing high-k materials. At high electric fields of 1 MV/cm, the drop of permittivity
of CaTiO3 capacitors is so low that these capacitors exhibit an even higher permittiv-
ity compared to the high-k materials mentioned previously [56]. Various methods are
available to further reduce the VCC of crystalline CaTiO3 to enable the integration in
RF applications. The measurements of leakage currents reveal the intriguing properties
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Figure 8.2: Performance of CaTiO3 capacitors compared to literature values of SrTiO3 capac-
itors (Pawlak et al. [202]; Kim et al. [1]).
of CaTiO3 compared to SrTiO3. The leakage currents of CaTiO3 at a certain CET are
comparable to highly optimized SrTiO3 capacitors (depicted in Figure 8.2). The thinnest
layers prepared with a CET of 0.49 nm show leakages currents of 6.11 × 10−7 A/cm2 at
1 V. CaTiO3 samples with a CET of 0.75 nm and a leakage current below 1×10−8 A/cm2
at 1 V even surpass the results of SrTiO3 capacitors. Beside the astonishing results of
leakage currents of capacitors containing high work function Pt electrodes, the advantage
of the high band gap of 4.0 eV allows capacitors with CaTiO3 on carbon electrodes. These
capacitors show leakage currents of 6.8×10−9 A/cm2 with a CET of 1.13 nm correspond-
ing to a permittivity of 105. Further scaling the oxide thickness will allow the values to lie
below the thickness limits of 8 nm demanded by industry. To conclude the performance
of CaTiO3 MIM capacitor stacks, CaTiO3 exhibits k-values of approximately 100 with
exceptionally low voltage dependence and low leakage currents on Pt as well as carbon
electrodes, already fulfilling the stringent requirements for future DRAM applications
with the parameters investigated in this work. Further improvements to electrode rough-
ness and vacancy reduction can allow scaling to thinner CaTiO3 layers with thicknesses
below 8 nm with targeted leakage currents to allow the integration in recent structures.
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Extensive electrical characterization of reliability may prepare the ground for the inte-
gration in DRAM capacitors. As future work, the leakage currents of CaTiO3 can be
further reduced by the introduction of dopants like Al and Y for defect management.
As a valuable academic research topic, the preparation of nanocrystals in an amorphous
matrix can be extended and tested on other perovskite materials.
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A Extraction of optical constants






µr is the relative permeability. For most materials, µr is close to 1 at frequencies in
range of the visible light and therefore n is approximately
√
εr. εr corresponds to the
permittivity in the same frequency range and is typically close to ε∞ (the electronic part
of the dielectric function). At optical frequencies, absorption occurs in most dielectrics
and εr becomes complex. The imaginary part ε2 of the complex dielectric function ε̃
ε̃ = ε1 + iε2 (A.2)
The correlation between ε1 and ε2 and refractive index n and extinction coefficient κ is
given as
ε1 = n2 − κ2 (A.3)
ε2 = 2nκ (A.4)
The interpretation of the measured ellipsometric parameters Ψ and ∆ require models to
extract the optical constants. For materials, which are transparent (ε2 = 0 or κ = 0)
in the measured visible spectrum, the Cauchy equation allows the determination of the
refractive index. It consists of an empirical relationship between the refractive index n(λ)
and wavelength of light λ (Equation (A.5))





,where A, B are Cauchy parameters. When reaching regions of anomalous dispersion, in
particular absorption edges of the material, this model is inaccurate.
A simple model to describe the adsorption ε2 at the band gap (the adsorption edge) is
the Tauc formular in Equation (A.6). The imaginary part of the dielectric function near




Θ(E − Eg) . (A.6)
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E is the photon energy, Eg is the band gap of the material, AT is a constant, and Θ is
the Heaviside Theta function with Θ(x < 0) = 0 and Θ(x > 0) = 1.
A state-of-the-art model for the description of the complex refractive index around ab-
sorption edges is the Tauc-Lorentz model (Equation (A.7)). It uses the expression of
Tauc and combines it with the complex dielectric function for a Lorentz oscillator [214].
ε2 =
AE0Γ (E − Eg)2
(E2 − E20)2 + Γ2E2
1
E
Θ(E − Eg) (A.7)
The formula for the imaginary part of the dielectric function contains the band gap Eg,
the peak transition energy E0, the broadening parameter Γ and A, which represents the
optical transition matrix elements. The real part ε1 is than obtained using the Kramers-
Kronig relation






ξ2 − E2 dξ. (A.8)
Using the Tauc-Lorentz oscillator model works well for CaTiO3 as well as other dielectrics
in the UV-visual range [215].
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B Investigation of temperature leakage
currents and extraction of barrier
heights
The measurement of temperature dependent leakage currents (IVT) shall provide infor-
mation of the leakage mechanism involved in the conduction process. Several models for
leakage currents are available, e.g. Schottky/thermionic emission, Poole-Frenkel conduc-
tion, Trap-assisted tunneling and Direct or Fowler-Nordheim tunneling. To gain access
to these specific models, the IVT measurement is a suitable procedure to differentiate
between all these models, because every model has a different dependence on voltage and
temperature. The most general equation for the given models is
j(V, T ) = A(V, T ) ∗ eE(V,T ) (B.1)
with A(V, T ) as the pre-exponential factor with the unit of current and including the
density of available charge carriers in the insulating layer and E(V, T ) as the function for
the carrier barrier behavior typically proportional to 1/kBT (kB - Boltzmann constant,
T - temperature).
With the Equation (B.1), several graphical representations allow to specify the different
conduction models. The main goal for these charts is the possibility to linearize the mea-
surement data. The graphical analysis is easier compared to the simulation of countless
fit functions. The graphic charts are named after the conduction process one wish to
extract (e.g. Poole-Frenkel or Schottky plot for voltage dependence or Arrhenius plot for
temperature dependence).
To start with, a series of leakage currents over voltage and temperature has to be mea-
sured (or simulated). A simulated temperature dependent leakage current series is shown
in Figure 1. The curvature is comparable to some measured data for leakage currents.
The point of intersection describes the voltage, where the the barrier height is finally zero
(never reached in a real measurement, will be supplanted by tunneling current). With
E(V, T ) = 0, the leakage current finally reaches A. Even with the simple equation, the
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Figure 1: Simulated leakage currents after Equation (B.1) with constant A. Parameters: A =
1×10−13, E(V, T ) = −(ΦB−0.1×
√
V )/kBT with ΦB = 0.2 and T ∈ [−60◦C, 100◦C].
The pre-exponential factor is here constant for simplicity reasons, the exponential
function E(V, T ) is comparable to Schottky or Poole-Frenkel emission behavior.
real curvature is unknown and difficult to fit.
To simplify the view on the data series, the leakage current can be shown in an Arrhenius
plot in Figure 2. The Arrhenius graph plots the leakage current over the inverse temper-
ature 1/kBT . The linearity of all lines in this graph means that E(V, T ) is proportional
to 1/kBT and the pre-exponential factor A(V ) is independent of temperature. Nothing
can be told about the voltage dependence of leakage current from the Arrhenius plot.
Any change in A(V ) results in a constant vertical shift in the Arrhenius plot.
To further investigate the voltage dependence of E(V, T ) and extract the physically rel-
evant barrier height, the gradient of every line is plotted over the voltage as seen in
Figure 3a. The graph shows the voltage behavior of E(V ) for all voltages. E(V ) is now
independent of temperature because of the calculation of the gradient from the linear
fits for all temperatures in the Arrhenius plot in Figure 2. To extract the barrier height
ΦB out of the E(V ) plot, the graph has to be extrapolated to E(0) = ΦB. For the given
example, the function follows a root function (Figure 3b) and the parameters of E(V )
can be extracted to ΦB = 0.2 and a slope of 0.1. The final function for leakage current
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Figure 2: Arrhenius plot of the leakage current in Figure 1. The linearity of lines indicate a
linear dependence of E(V, T ) with 1/kBT .
is in this example j(V, T ) = 10−13 × e−(0.2−0.1
√
V )/kBT .
In the previous extraction of parameters, the pre-exponential factor A(V, T ) = A = const
has been kept constant. This is not true for both Schottky emission (A ∝ V ) and Poole-
Frenkel conduction (A ∝ T 2) according to Ref. Sze et al. (p. 403; 2nd Ed.)[70]. Although
the shape of the leakage current curves is altered, the change is not significant. Any pre-
factor only contributes as a logarithmic function to the overall exponential function,
resulting in a close-to-linear non-linearity of the plots mentioned earlier. Therefore the
extraction of the barrier height ΦB is comparable with a minor increase of error.
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(a)


































 Fit of E(V) [ y(x)=  0.1x - 0.2 ]
Sqrt(Voltage)
Figure 3: Activation energy plots of leakage currents in dependence of voltage. 3a) The barrier
height ΦB can be extracted for the curve at an extrapolated intercept V = 0V . 3b)
The barrier height ΦB is extracted from the intercept of the linear fit (red line).
This plot requires information of the curvature of E(V ) (in this case E(V ) ∝
√
V )
to achieve a linear dependence.
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